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Abstract 
This research develops and solves a mathematical model that combines a dynamic 
storage location assignment problem with a multi-item capacitated lot sizing problem. 
The joint multi-item storage location assignment and capacitated lot sizing problem aims 
to model a production warehouse coordinating production with warehouse layout.  It 
examines when to produce an item and how much to produce, then once the item is 
produced where to place the item in the warehouse. This problem was formulated as a 
mixed integer program and the objective function was to minimize the costs of 
production, setup, storage/ retrieval, and handling, and also to implement a dedicated 
storage assignment policy. In order to solve the model GAMS was used as the modeling 
language and Cplex as the optimization solver for small, medium and large problem 
instances and the results were reported.  
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Chapter 1: Introduction 
1.1 Background/General Overview 
A warehouse is a place where goods are stored, buffered and protected in between 
points of origin and consumption. At a warehouse products are received from a source, 
stored until they are needed, and then are moved when they are requested.  The 
warehouse can also provide value added services such as fulfilment of individual 
customer orders, packaging of goods after sales services, repairs, testing, inspection and 
assembly. (De Koster et al. 2007, Heragu et al. 2005, Larson et al. 1997) 
The idea of warehousing has been around for centuries starting with “granaries to 
store food” during the time of famines. Warehousing was initially used for storage in 
preparation for future events, there were no initial specifications, and the warehouse was 
just used as storage containers to hold grains.  
Today warehouses are used in a variety of industries and serve as a physical location 
that receives goods and products for the eventual distribution to customers or other 
business. (Kirkwood, H.P. Jr., viewed April 2009). These warehouses “must be flexible 
structures to provide quality, efficiency and effectiveness of the logistics operations in a 
very demanding, competitive and uncertain market” (Geraldes et al. 2008). 
With the uncertain market, products are being made as they are needed and fewer 
spaces are being reserved for the storage of products. This lack of storage space makes 
the production planning and the organization of a warehouse vital to meeting customer 
demand, and keeping a good flow of product throughout the entire supply chain. With the 
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growing need for warehouses in the supply chain the topic of how to better manage these 
facilities has become a popular area of research. 
There are many areas that can be managed within the warehouse; however the focus 
for this thesis will be on production planning, order picking, and storage location 
assignment. Production planning deals with the control of inventory to meet customer 
demand. In industrial problems production is often capacitated by time, resources and 
available warehouse space. General costs associated with production planning are the 
setup of the production line, inventory holding and the cost of producing goods. However 
since one of the main functions of production planning is to meet customer demand we 
also have to account for production and storage constraints that might hinder the product 
from making it to the customer. That is why once the items are produced, there has to be 
thought put into to where the items should be stored. 
Storage location assignment is the set of rules which are used to assign incoming 
products to storage locations in storage departments/zones (De Koster et al. 2007, Gu et 
al. 2007). Storage location assignment is used to better assign warehouse space to 
products for familiarity and to increase the space utilization within a warehouse. Several 
policies on how to assign the warehouse space are described in the literature review 
found in Chapter 2. Another benefit of storage location assignment is its reduction in 
order picking costs.  
 In industrial problems production planning and storage location assignment 
happen simultaneously within a warehouse, and there operations intertwine. Once items 
are produced, they are assigned to a storage location, and once an order is placed items 
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are   picked up and moved to an I/O point to be shipped to customers.  These operations 
were observed during a research internship carried out in the warehouse of a Canadian 
food processing company. 
  This project was supported through an industry and government funded internship 
and was the motivation of this thesis and will be discussed in the next section.   
 
1.2 Research Motivation 
A project was conducted at Dainty foods to reorganize their warehouse and 
determine if they had enough space to store each product to meet customer demand, keep 
up with current company operations, and future growth. While conducting this project 
many different operations observed in a production warehouse were the motivation for 
this thesis.  
The company consists of a mill, production packaging lines, processing machines 
and a production warehouse. Products were shipped and received at the facility by railcar 
or trucks then the products were cleaned before they were sent to production. Form 
production the products were stored in the warehouse, and from the warehouse the 
products went to the customers. Figure 1 depicts a detailed process flow of material at the 
company.  
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Figure 1: Material and Product Process Flow 
 There were ten production packaging lines. A production packaging line consists 
of packaging equipment that takes different product types and places them into either 
plastic or cardboard containers of different sizes and then palletizes the product. The 
packaging lines were assigned distinct names based on the machines that package the 
product.  Each production packaging line produced different SKUs. The different SKUs 
were determined based on the product type, the packaging material used to package the 
product, the size in weight of the product, and the type of process that the product 
underwent. These different production lines produced over 150 different SKUs. All of 
these SKUs when produced had to be stored in the warehouse at the facility before they 
were shipped out to the different customers.   
At the beginning of the project, in the warehouse products were stored in general 
areas. The areas were defined as follows; a staging area for picked orders, an area to store 
raw material and finished goods, and an area for packaging material. Products were 
stacked on the floor in rows that are 4-6 pallet positions deep depending on their position 
in the warehouse. There were 1046 footprint (floor space) pallet positions and each of 
these positions could be stacked 2-3 pallets high. The height that pallet positions were 
stacked was dependent on the weight and the size of the product on the pallets.   
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 There was not an assignment policy for the warehouse space in place; warehouse 
management was unknowingly using a random storage policy because of the advantage 
of the shared storage space. When the warehouse conditions were full, even though the 
segmented areas were meant to be kept separate raw materials, finished goods, and 
packaging were intertwined. So retrieving the products became harder and handling costs 
went up. 
Costs were associated with the storage and handling of products within the 
warehouse. Storage costs considered the costs associated with the storage of one pallet 
within the warehouse,  this cost was calculated based on the amount of space in the 
warehouse, and the costs associated with operating the facility such as property taxes, 
hydro and electricity (Overhead costs). Handling costs considered the costs associated 
with moving the product from the I/O point to each storage location within the plant. This 
cost was based on distance travelled in feet, and was a combination of the cost of moving 
product (operator cost), labelling, shrink wrapping, and order processing per pallet.  
Based on the above information the warehouse space at Dainty was reorganized 
through a heuristic that used a class based storage assignment policy, where classes were 
assigned space within the warehouse using the cube per order index rule (Heskett 1963). 
This project formed the basis for the research found within this thesis, based on the 
observation of the interrelationship between storage assignment, handling and production 
planning. These topics were applied and examined within this thesis and will be 
discussed in the next section.   
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1.3 Proposed Research 
1.3.1 Research Topic 
Warehousing is a multi faceted area of research; there are several methods and 
techniques to make improvements within a warehouse facility. However there are many 
variables that contribute to modeling all the warehouse operations that take place. Some 
warehouses have unique situations that are hard to model, or that add an extension to 
current research. The objective of this thesis research was to develop and solve a 
mathematical model that had industrial application to the production warehouse at Dainty 
Foods.  
In the production warehouse at Dainty Foods it was observed that production 
planning, and storage location assignment with the consideration of order picking all 
happened simultaneously.  A model was formulated to integrate a storage assignment 
policy with the capacitated lot sizing problem for multiple items. This model minimized 
the cost of moving product, based on operator handling costs and the cost of production, 
machine set up, and holding inventory.  
The storage location assignment problem considered how to assign products based on 
a dedicated storage policy to reduce order picking costs. The dedicated storage 
assignment policy was selected to take advantage of the fixed storage locations within the 
warehouse to create familiarity. The order picking costs were proportional to the 
expected travel distance that the order picking vehicle travels.  The joint multi-item 
storage location assignment and capacitated lot sizing problem considered the production 
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planning of items in the warehouse and was limited by the amount of available 
warehouse storage locations and production constraints. 
While the storage location assignment and the capacitated lot sizing problem have 
been studied extensively in research it is believed that they have not been considered 
together in a mathematical model. Various authors have combined the storage location 
assignment problem with other inventory models such as the Economic Order Quantity 
EOQ model (Wilson 1977; Malmborg and Deutsch 1988) and the replenishment policy 
model (Hassani 2008; Kulturel 1999). It should be noted that all previous combinations, 
combined the storage assignment problem with static inventory models; the model 
presented in this thesis combined a storage location assignment problem with a dynamic 
inventory model.  
It was believed that the dynamic joint multi-item storage location assignment and 
capacitated lot sizing problem has not been considered in research. And this was the topic 
for this thesis.  
1.3.2 Research Objective 
This research, formulated a mathematical model that combined a dedicated storage 
location assignment policy with a multi-item capacitated lot sizing problem. The 
objective was to minimize the costs of reserving locations for a dedicated storage policy, 
this was measured by control the number of storage locations that were reserved by each 
item, handling products from the production line to the storage locations, and from the 
storage locations to the output point, and the cost of production, machine setup and 
inventorying items.  
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1.3.3 Research Methodology 
Observe a system: 
An internship was conducted between the summer and fall of 2008 at a food 
processing company, with specific focus on the production warehouse at the facility.  It 
was observed that there needed to be more communication in regard to what was being 
produced and where the items that were produced should be placed in the warehouse.  It 
was also observed that a randomized storage policy was in place, based strictly on the 
forklift operators and where they decided to place the items.  Machine reliability and a 
large number of item types packaged on the same production line  created the need for 
inventory levels of products to be kept for a couple of weeks to meet customer demand. 
Lastly, the operators who put away the product from the production line were different 
from the operators that picked the orders and loaded them on the trucks.  
Identify the Problems, and Establish a Theoretical Hypothesis to Solve the Problem:  
The production warehouse was faced with the following problems: 
- Items were produced without taking into consideration the available space, which 
caused item overflow in the warehouse. No policy was in place to coordinate 
product assignment to storage locations and inventory levels. 
- A randomized storage policy led to products being misplaced, lost and overlooked 
due to the lack of visibility of the products. 
- The reliability of some of the production lines varied and required large 
inventories of product to be stored to reduce the number of demand shortages.  
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- The warehouse space was not large enough to keep up with the levels of inventory 
that management wanted to keep on hand. 
- Long production cycles for each production line, created high levels of inventory. 
A large number of different SKUs were produced on each packaging line, so high 
levels of inventory had to be kept on hand, due to the fear the product would not 
be produced again before the SKU was needed. 
- The operator responsible for the placement of items in the warehouse was not the 
same operator who retrieved the items, this caused operators to have to spend time 
looking for products. 
- Warehouse congestion due to large volumes of forklift traffic during item storage 
and retrieval operations.  
Several problems were identified; however specific focus was placed on the problem 
of coordinating production with warehouse layout, and taking into consideration the 
travel done by the forklift operators in the production and warehousing departments. Not 
all variables in the industrial problem were modeled; however the model attempted to 
account for the most important variables; storage location assignment, production 
planning, and the placement and retrieval of items during and order picking.   
A mathematical model was developed to attempt to optimize the utilization of the 
current warehouse space, control the inventory levels and costs, and reduce the distance 
travelled during product placement/retrieval and order picking.  
Literature Review:  
Recent and relevant technical literature formed the basis of this research. The 
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review focused on warehousing, the storage location assignment problem (SLAP), 
storage policies, order picking, and production planning (the lot sizing problem). The 
literature review can be found in chapter 2 of the thesis. 
Model Development: 
 A mathematical model had been developed and is further explained in Chapter 3 of this 
thesis.  
Simulation:  
This model had been formulated as a mixed integer program and test instances 
were solved using GAMS/Cplex optimization software.  
Results: 
 Numerical results were provided to justify the model in Chapters 3 to 5, and the model, 
input parameters, and results were discussed.  
 1.4 Organization of Thesis  
This thesis is divided as follows: Chapter two is the compilation of recent and 
relevant literature in the areas of storage location assignment, storage assignment 
policies, order picking, and production planning. Chapter three provides the development 
and formulation of the mathematical model used to solve the given problem. Chapter four 
provides the solution approach and input parameters. Chapter five discusses and analyze 
the results and explains the application of the model to the industrial partner. Chapter six 
discusses final thoughts and future works.  
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Chapter 2: Literature Review 
There has been extensive research in the area of warehousing, warehouse 
operations, order picking, storage, and production planning. With the ever changing 
management of warehouses, the introduction of new technologies, and the unique 
warehouse operations of specific warehouses, new areas of research are opened for 
application to real world industrial problems.  
The following chapter is comprised of four main areas of discussion: warehousing 
and warehouse operations, storage assignment and policies, the joint storage assignment 
and inventory models, production planning, the lot sizing problem. This discussion is 
followed by highly related models, a summary matrix of the literature review, and 
conclusions.  
2.1 Warehousing and Warehouse Operations 
 Extensive literature has been conducted on warehouse design and operations 
examined the different operations, components and areas of improvement in 
warehousing. Several studies had been aimed at examining the operations in the 
warehouse and developing procedures on how to solve general issues faced by 
warehousing facilities.   
A warehouse is defined as a place where goods are stored, buffered and protected 
in between points of origin and consumption. At a warehouse products are received from 
a source, stored until they are needed, and then are moved when they are requested.  The 
warehouse also provides value added services such as fulfilment of individual customer 
orders, packaging of goods after sales services, repairs, testing, inspection and assembly. 
(De Koster et al. 2007, Heragu et al. 2005, Larson et al. 1997) 
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Products are received from production lines, suppliers, customer returns, etc and 
can be shipped through different forms of transportation methods. Depending on how 
product is stored, what product is to be stored, and owner of the product being stored 
warehouses are distinguished.  
Van den Berg and Zijm (1999) examined three different types of warehouses; 
distribution, production, and contract warehouses. “A distribution warehouse is a 
warehouse in which products from different suppliers are collected (and sometimes 
assembled) for delivery to a number of customers. A production warehouse is used for 
the storage of raw materials, semi-finished products and finished products. A contract 
warehouse is a facility that performs the warehousing operation on behalf of one or more 
customers.” The identification of types of warehouses helps clarify the specific 
operations and processes that can be expected in a warehouse. Depending on the different 
operations performed and internal and external expectations, specific layouts and designs 
are found in the warehouse.  
Hausman et al. (1976) identified three components to optimal warehouse design; 
pallet assignment, storage assignment and interleaving. Pallet assignment is concerned 
with the assignment of multiple items to the same pallet. Storage assignment assigns 
pallet loads to storage locations and interleaving are rules for sequencing storage and 
retrieval requests.  
De Koster et al. (2007) performed an extensive literature review on design and 
control of warehouses with specific focus on order picking. They examined literature and 
defined terminology relating to the activities that take place within a warehouse.  These 
activities included receiving, transfer and put away, order picking/selection, 
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accumulation/ sortation, cross-docking, and shipping. Warehouses are broken into areas 
based on the activities that are performed. Heragu et al. (2005) and Rouwenhorst et al. 
(2000) defined these areas as forward and reserved areas. The reserved area is the basic 
storage locations where product is kept for longer periods of time.  This is the area where 
products are picked before they are placed in the forward area. The forward area is where 
products are stored for short periods of time before they are ready to be loaded at the I/O 
points and shipped to customers. 
Gu et al. (2007) discussed the importance of warehouses and explained the major 
roles of the warehouses in the supply chain. The major roles included “buffering the 
material flow along the supply chain to accommodate variability caused by factors such 
as product seasonality and/or batching in production and transportation; consolidation of 
products from various suppliers for combined delivery to customers; and value-added-
processing such as kitting, pricing, labelling, and product customization.” This paper also 
explained what storage in a warehouse entailed and how storage is a major warehouse 
function and that it is shaped by three fundamental decisions; how much inventory should 
be kept, inventory replenishment, and where SKUS should be stored and moved within 
the warehouse. Because of the importance, special attention is given to the area of 
warehousing and warehouse operations.  
2.2 Storage Assignment 
The storage location assignment problem (SLAP) is the set of rules which can be 
used to assign incoming products to storage locations in storage departments/zones. The 
SLAP helps in the reduction of material handling and the improvement of space 
utilization.  (De Koster et al. 2007, Gu et al. 2007).  
14 
 
Gu et al. (2007) in a literature review on warehouse operations formally define a 
SLAP as follows: 
Given: 
1. Information on the storage area, including its physical configuration and storage 
layout.  
2.  Information on the storage locations, including their availability, physical 
dimensions, and location. 
3. Information on the set of items to be stored, including their physical dimensions, 
demand, quantity, arrival and departure times. 
Determine: 
The physical location where arriving items will be stored. 
Subject to performance criteria and constraints such as: 
1. Storage capacity and efficiency.  
2. Picker capacity and efficiency based on the picker cycle time.  
3. Response time.  
4. Compatibility between products and storage locations and the compatibility 
between products. 
5. Item retrieval policy such as FIFO (first-in, first-out), LIFO (last-in, first-out), 
BFIFO (batch first-in, first-out). When using the BFIFO policy, items that arrived 
in the same replenishment batch are considered to be equivalent.” 
 
15 
 
The rules that are used for the assignment of items to storage locations are defined in 
the following subsections.  
 
2.2.1 Storage Assignment Policies 
Several papers in literature have studied and compared storage assignment 
policies in various environments. This section defines storage assignment policies, 
examining the advantages and disadvantages, compares the policies and their application 
in different warehouse situations.  
According to Goetschalckx and Ratliff (1990) a storage assignment policy is a set 
of rules which determine where the unit loads of different products will be located in the 
warehouse finding the optimal (best) locations to minimize the average travel time 
required. Storage assignment policies designate a location to store and retrieve a unit load 
while satisfying the various constraints placed upon the system.  
Kallina and Lynn (1976) came up with a set of rules for the assignment of 
products in the warehouse. These rules were not called a storage assignment policy 
however they are the basis of all the storage assignment policies.  In their paper Kallina 
and Lynn (1976) identified four major determinants when arranging items: compatibility, 
complementarity, popularity and space. Compatibility refers to items stored next to each 
other without fear of contamination or other damage. Items that are considered 
incompatible must be stored in nonadjacent locations. Complementary items are those 
frequently demanded simultaneously by a customer on the same order and should be 
located close to each other. Popular items in terms of the average number of picks per 
day should be placed closest to the order shipping area, since these items demand the 
greatest number of trips to their location. Lastly item space refers to those items requiring 
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the least amount of warehouse space and that those items are placed closest to the order 
shipping area. According to Kallina and Lynn (1976) popularity is the most commonly 
recommended for stock location in a warehouse.  
The table below summarizes the majority of the storage assignment policies that 
are most frequently used in warehouses.  
Storage 
Assignment 
Policy 
Description Ref. 
Random 
Random storage assignment, assigns storage 
locations based on the first come first served 
basis, and the available space at the time of the 
storage job. 
Hausman et al. (1976), Larson 
et al. (1997), De Koster et al. 
(2007)  
Dedicated 
Dedicated storage assignment, assigns storage 
locations to fixed locations for the duration of 
the planning period 
Goetschalckx and Ratliff 
(1990),Cormier and Gunn 
(1992),Larson et al. (1997),  
De Koster et al. (2007)  
Class Based 
Class based storage assignment, Inventory is 
assigned a class based on some criteria (i.e., 
demand, product type, size) and each class is 
assigned a block of storage locations. Within 
each block of storage locations, material is 
stored randomly.  
Hausman et al. (1976), 
Cormier and Gunn (1992), 
Francis et al. (1992), Larson et 
al. (1997), De Koster et al. 
(2007) 
Turnover 
Based 
Turnover based storage distributes products 
over the storage area according to their 
turnover. The products with the highest sales 
rates are located at the easiest accessible 
locations. 
De Koster et al. (2007) 
Volume 
Based 
Volume based storage items are assigned to so 
that high volume items are located closest to the 
I/O points.  
Peterson and Schmenner 
(1999), Peterson and Aase 
(2004) 
Shared 
Storage 
Shared storage assignment, allows units of 
different products to successively occupy the 
same location 
Goetschalckx and Ratliff 
(1990), Cormier and Gunn 
(1992), Francis et al. (1992), 
Activity 
Based 
Activity based storage philosophy uses a 
measure of item‟s activity, a usage rate, 
turnover, or results of an ABC analysis, to 
determine the location of items within the 
warehouse 
Hausman et al. (1976), 
Cavinato (1990), Francis et al. 
(1983), Zeng et al. (2002) 
Duration of 
Stay 
Duration of stay storage assignment is based on 
shared storage assignment and is when product 
loads are stored based on their individual 
duration of stay rather than product turnover. 
Goetschalckx and Ratliff 
(1990), 
Table 2.1 Storage Assignment Policy Definitions 
17 
 
Each of the storage assignment policies found in table 2.1 has advantages and 
disadvantages which can be found in table 2.2. Different types of warehouses perform 
different operations and a storage assignment policy is selected to meet the individual 
needs of each warehouse on a case by case basis. Some disadvantages are overlooked 
because the benefit of implementing the storage assignment policy. Several topics in 
literature address when specific storage assignment policies are optimal, and when they 
are best to be used.   
Storage 
Assignment 
Policy 
Advantages/Disadvantages Ref. 
Random 
Advantages:  
- The random assignment method results in a high 
space utilization (or low space requirement) 
Disadvantages:  
- Increased travel distance over other policies 
- Will only work in a computer controlled 
environment.  
- Material handling cost is often greater because 
there is no effort to store faster moving material in 
the most desirable storage locations 
Larson et al. 
(1997), De Koster 
et al. (2007) 
Dedicated 
Advantages:  
- Order pickers become familiar with product 
locations 
- Typically reduces the material handling costs  
Disadvantages:  
- The location is reserved even for products that are 
out of stock,  
- Space utilization is the lowest For every product 
sufficient space has to be reserved such that the 
maximum inventory level can be stored  
Goetschalckx and 
Ratliff (1990), 
Larson et al. 
(1997), De Koster 
et al. (2007) 
Class Based, 
and Turnover 
Based 
Advantages:  
- Uses the benefits of both random and dedicated 
storage 
Disadvantage:  
- Demand rates vary constantly and the product 
assortment changes frequently, each change would 
require a new ordering of products in the 
warehouse resulting in a large amount of 
reshuffling of stock.  
 
De Koster et al. 
(2007) 
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Storage 
Assignment 
Policy 
Advantages/Disadvantages Ref. 
Volume 
Based 
Advantages: 
- Reduction in travel time and distance 
- Significantly less picker travel than random storage 
Disadvantages: 
- Aisle congestion 
- Unbalanced utilization of the warehouse 
Peterson and Aase 
(2004), Peterson 
and Schmenner, 
(1999) 
Shared 
storage policy 
Advantages: 
- Items are able to share storage locations 
Disadvantage: 
- total storage requirements vary over time 
depending on how the material input and output are 
distributed over time 
Goetschalckx and 
Ratliff (1990) 
Duration of 
Stay (DOS) 
 
Advantages: 
- Takes advantage of class based storage assignment; 
classes are based on duration of stay. 
Disadvantages: 
- Only optimal under the assumption that the inputs 
and outputs balance perfectly 
Goetschalckx and 
Ratliff (1990) 
Table 2.2: Advantages and Disadvantages of Storage Assignment Policies 
Storage assignment policies have been used in a number of different warehouses 
under different conditions. Different storage assignment policies are found to be optimal 
under different circumstances and are chosen accordingly.  
Goetschalckx and Ratliff (1990) have shown that the optimal shared storage 
policy is to store unit loads based on their individual duration of stay in the system, 
resulting in a class based storage policy where the classes are based on duration of stay in 
unit loads for individual products rather than product turnover rates. This policy is only 
optimal when the input and output are perfectly balanced, however no real industrial 
problem is perfectly balanced. In comparison to a dedicated storage policy if all 
deliveries were to occur at the same time, there is no reduction in space due to shared 
storage policy.  This paper points out that the balance of the input and output is important 
when determining the implementation of a storage policy.  
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Larson et al. (1997) examined a warehouse layout, where the method was targeted 
at practitioners of single command lift truck pallet storage and retrieval. The aim was to 
achieve the effective use of floor space maximizing the space utilization, by minimizing 
the travel time/travel distance, and being robust enough to fluctuate to change in the 
inventory levels and demand. The aisle layout and dimensions for the warehouse were 
found, the storage medium was chosen, and honeycombing and stacking height were also 
considered. A class based storage policy was used to allocate floor space to classes based 
on the storage medium, required number of storage locations and throughput. Each class 
was assigned to a storage region; however, within the storage region material was stored 
randomly. Random storage within the region provided flexibility to accommodate 
variations in inventory levels for materials assigned to the class. Thus, the proposed 
class-based storage policy increased the floor space utilization and flexibility, by 
decreasing the material handling cost.  
Zeng et Al. (2002) examined a short term and long term plan to show different 
alternatives for reducing the time spent filling customer orders. For the short term plan 
they used an activity based storage philosophy. A problem of an industrial distributor in a 
case study was addressed by identifying fast moving items based on ABC analysis. This 
helped the company store products in the appropriate places and the two attributes used to 
separate inventories into groups were “(1) the percentage of part numbers and (2) the 
percentage of inventory value”, these values were determined by the demand quantity per 
period and the cost per unit. To address the short term objective of the industrial 
distributor, and the specific needs of the warehouse, an activity based storage philosophy 
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was the optimal choice. This paper demonstrated how the time frame of a project was a 
determining factor as to what storage assignment policies were used.  
Malmborg and Altassan (1998) examined a less than unit load warehousing 
system and developed models to compare dedicated storage using the cube per order 
index to place the items, and randomized storage using closest open location to place the 
items. These storage assignment policies were compared with respect to the total item 
space requirements, order picking cycle times and system responsiveness.  Randomized 
storage only achieved a 65% space utilization compared with 100% space utilization of 
dedicated storage. However randomized storage had a higher percentage of available 
spaced used. Dedicated spaces were left empty if there was no product to fill the space. 
This paper examined the difficulty of modeling large less than unit load storage 
assignment policies, and contributed the unit load as a factor when determining the 
optimal storage assignment policy.  
Hausman et al. (1976) examined a warehouse where the objective was to assign 
pallets to racks so as to minimize the crane travel time required for the placement and 
retrieval of pallets in automatic warehousing systems. Results of the study proved that 
based on percentage the class-based storage assignment policy was a better policy to use 
than, the turnover storage assignment policy and random storage assignment policy. 
These were only considered preliminary results due to the fact that research had not been 
done between storage assignments and interleaving. However, the results still held for the 
particular case that was examined, making the storage/retrieval equipment as well as the 
type of storage materials and the time required to use the equipment as factors when 
considering the type of storage assignment policy to implement.  
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Peterson and Aase (2004) examined static random storage, volume-based storage, 
and class-based storage policies, and used a simulation model to compare the policies in a 
warehouse environment. It was shown that when orders increased the percentage of 
savings for using each policy decreased. It was also concluded that “within-aisle volume-
based and class-based storage required significantly less picker travel than random 
storage. However, a random storage policy generally utilized the entire picking area more 
evenly and reduced worker congestion.” This paper pinpointed tradeoffs (ex. space 
utilization, travel time, etc) of using different storage assignment policies, showing that 
when the picking region changed so did the optimal storage policy.  
Muppani and Adil (2008) came up with an optimal solution procedure to model 
static storage class formation considering area reduction, storage space and handling 
costs. This model compared class-based storage to dedicated storage. Muppani and Adil 
(2008) concluded that if classes are formed considering only handling costs that a 
dedicated storage assignment policy would produce the lowest costs, and if classes were 
formed based on space costs, that a completely randomized storage assignment policy 
yielded the lowest cost solution. However they pointed out that when handling costs and 
space costs are considered together a class based storage assignment policy was optimal.  
Here Muppani and Adil (2008) used handling and storage cost as the factors for 
determining the storage assignment policy used.  
After examining several articles it can be noted that the different factors can affect 
the selection and optimality of a storage assignment policy. Below is a summary of the 
factors found in the literature reviewed: 
- The balance of the input and output (Goetschalckx and Ratliff 1990) 
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- Floor space utilization, material handling cost, and flexibility (Larson et al. 1997) 
- Whether the plan is for the short term or long term (Zeng et al. 2002) 
- Less than unit loads (Malmborg and Altassan 1998) 
- Storage equipment and the time required (Hausman et al. 1976) 
- Picking region (Peterson and Aase 2004) 
- Handling and storage costs (Muppani and Adil 2008) 
All of these papers show that depending on the objective, different storage 
assignment policies can be used and will be optimal. Different criteria can be used when 
implementing storage assignment policies and assigning items to locations.  
In a literature review by Gu et al. (2007) various papers were examined and it was 
concluded that “different criteria can be used to assign a product (class) to storage 
locations. The three most frequently used criteria (see also Frazelle, 2002) are: 
(1) Popularity (defined as the number of storage/retrieval operations per unit time 
period). For the popularity policy, product classes are ranked by decreasing 
popularity and the classes with the highest popularity are assigned the most 
desirable locations. 
(2) Maximum inventory (defined as the maximum warehouse space allocated to a 
product class).For the maximum inventory policy, product classes are ranked by 
increasing maximum inventory and the classes with the lowest maximum 
inventory are assigned the most desirable locations. 
(3) Cube-Per-Order Index (COI, is defined as the ratio of the maximum allocated 
storage space to the number of storage/retrieval operations per unit time). The 
COI policy takes into consideration both a SKU‟s popularity and its storage space 
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requirement. Product classes are ranked by increasing COI value and the classes 
with the lowest COI are stored in the most desirable locations.” 
“The COI policy has been extensively studied in the literature and is considered as more 
effective than the other two policies.” The next subsection contains a review of the Cube-
per-order Index (COI) rule. 
2.2.2 Cube-per-order Index (COI) 
There is a large amount of research on storage assignment in regard to order 
picking. The cube-per-order index (COI) rule is one result of those studies (Heskett 1963, 
Kallina and Lynn 1976, Wilson 1977, Hodgson and Lowe 1982, Malmborg and Deutsch 
1988). Under the COI rule, items are assigned to locations in an increasing order of COI 
value. 
The cube-per-order index (COI) rule of Heskett (1963) is defined as the ratio of 
the item's total space requirement to number of trips required based on the items demand. 
The original heuristic consisted of locating the items with the lowest COI value closest to 
the input/output points, putting items that combined a high turnover frequency with a low 
space requirement in the best storage locations in the warehouse. Items were then 
assigned to locations progressively farther away from the I/O point by increasing COI. 
The COI rule was proved optimal by several authors under various conditions. 
Francis (1967) provided a proof that the COI procedure minimizes single command travel 
under certain assumptions and Harmatuck (1976) modeled the COI rule as a linear 
program, and compared the heuristic to the linear program proving that the model 
developed in the paper would not violate the COI rule. Both authors Francis (1967) and 
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Harmatuck (1976) proved the optimality of the COI rule for the assignment of products to 
storage locations to minimize travel distance during storage/retrieval.  
Kallina and Lynn (1976) discussed practical application when apply the cube per 
order index (COI) rule, and examined the key physical assumptions necessary for the 
implementation of the rule. The main sources for this examination were articles by 
Heskett in 1963 and 1964 that used the COI rule for minimizing order-picking costs in 
the staging area. Kallina and Lynn (1976) gave a better explanation how the COI rule 
presented by Heskett (1963) can be used; the assumptions required for the heuristic to be 
optimal and used a linear program again to prove the optimality of the COI with 
application to an actual case.  
Malmborg and Krishnakumar (1989) extended the COI to a multiple command 
warehouse operation environment and proved that under Euclidean distance the COI rule 
produces the shortest travelling cycle-time. The COI rule had been found optimal when 
assigning products where the objective was to reduce travel costs. Under changing 
conditions the COI rule did not always stand, other authors have pointed out the short 
fails of the COI, which are further noted by Lee (1992) and Caron et al. (1998).  
 Lee (1992) notes that the COI rule only considered the demand frequency and 
space requirements of an item but failed to take advantage of the item order frequency 
and the structure of items in the warehouse. Lee (1992) suggests that a better layout could 
be used considering group technology, identifying similar items, and how often the items 
were requested together in customer orders. A mathematical model and heuristic were 
developed to solve the storage layout problem, and the heuristic was based on the group 
technology concept.  
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Caron et al. (1998) evaluated and compared the expected travel distance for 
transversal and return routing policies in picker to part systems. In the paper items were 
assigned to storage locations based on the cube per order index (COI). It was found that 
COI based policy required that item locations be constantly reviewed in order to maintain 
the rule of assigned storage locations on the basis of the ratio of the required space to the 
order frequency.  
This being said the COI rule is still a highly used rule in literature. Muppani and 
Adil (2008) used the COI to form classes, when reducing storage and handling costs and 
their paper had industrial applications. The model was useful for warehouse managers in 
the following ways it (1) provided proof that there is significant savings in using class 
based storage policies and (2) considered storage space costs and order picking costs.  
Overall the COI rule is most frequently used to reduce the amount of travel that 
takes place during order picking. The next section will further describe the tasks involved 
with order picking.  
2.2.3 Order Picking 
 Order picking can be defined through the operations performed during the 
task. During an order pick “an order for an item is received, an operator of a fork lift 
truck (or some such conveyance device) travels to the location of that item in the staging 
area and loads the appropriate amount of the item onto his/her truck. When the operator 
returns to the order shipping area, the item is transferred to some outgoing vehicle for 
delivery to the customer” Kallina and Lynn (1976). To summarize order picking is the 
process of retrieving the appropriate amounts of specific product from specified storage 
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locations, in response to customer demand. (Goetscalckx and Ashayeri 1989; Tompkins 
et al., 2003; Jane and Laih 2005). 
It is estimated that order picking can be attributed to on average 65% of the total 
operating costs of common warehouses (Coyle et al. 1996). Reducing the amount of 
travel performed during order picking can have a significant effect on the total warehouse 
operations and aisle congestion.  This has made order picking a high priority for 
warehouse management and researchers.  
The reduction of order picking time and travel distance has been address through 
several potential solutions. Researchers have examined the following areas to address the 
reduction of order picking time and costs: zoning, batching, routing policies, and storage 
policies to name a few. 
For an extensive literature review on order picking refer to De Koster et al. 
(2007). 
2.2.4 Highly Related Model: Class based storage location assignment 
The model developed by Muppani and Adil (2007) examined the implementation 
of a class based storage assignment policy and its effect on storage space and material 
handling costs, and the model was solved using a branch and bound algorithm. This 
model provided the idea of how to assign a handling cost from the I/O point to each 
individual storage location and how these costs are determined and assigned. This model 
also examined how to assign products to storage locations. These ideas are modified 
within this thesis, items are assigned directly to the storage locations, and the handling 
costs are from the production area to the storage locations and from the storage locations 
to the output point. This specific model was chosen because of the straight forward 
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assignment method that was used to formulate the assignment of items to storage 
locations, and the ease of calculating handling costs. The formulation and parameter 
details of this model are shown below the handling costs and the assignment rules that 
will be modified and implemented within this thesis are outlined: 
Minimize𝑧 = 𝑓 ∙    𝑎𝑙 ∙ 𝑦𝑙𝑐  𝑙 + 2 ∙ ℎ    
 𝑎𝑙 ∙𝑑𝑙 ∙𝑦𝑙𝑐𝑙
 𝑎𝑙 ∙𝑦𝑙𝑐𝑙
 ∗  𝐷𝑝 ∙ 𝑥𝑝𝑐𝑝  𝑐𝑐  
Subject to: 
𝐶𝑂𝐼𝑝 ∙ 𝑥𝑝𝑐 ≤ 𝐶𝑂𝐼𝑝′ ∙ 𝑥𝑝′𝑐′    ∀𝑝 ≠ 𝑝
′𝑎𝑛𝑑 𝑐 < 𝑐′ 
𝑙 ∙ 𝑦𝑙𝑐 ≤ 𝑙
′ ∙ 𝑦𝑙 ′ 𝑐 ′   ∀𝑙 ≠ 𝑙 𝑎𝑛𝑑 𝑐 < 𝑐′ 
 𝑦𝑙𝑐 ≤ 1
𝑐
   ∀𝑙 
 𝑥𝑝𝑐 = 1
𝑐
   ∀𝑝 
  𝐼𝑝
𝑡 ∙ 𝑓𝑝 ∙ 𝑥𝑝𝑐 ≤  𝑎𝑙 ∙ 𝑦𝑙𝑐  
𝑙𝑝
   ∀𝑐, 𝑡 
𝑥𝑝𝑐 ∈  0,1    ∀𝑝, 𝑐 
𝑦𝑙𝑐 ∈  0,1    ∀𝑙, 𝑐 
Index, parameters, and decision variables description 
The following are the index: 
c and c‟ (c,c‟= 1,2,3,...,C) for classes 
l and l‟ (l, l‟=1,2,3,...,L) for storage locations 
p and p‟ (p, p‟=1,2,3,...,P) for products 
t (t=1,2,3,...,T) for time periods 
The following are the parameters: 
al – footprint area of location l 
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COIp – cube-per-order index for product p 
dl – distance of location l from the input and output point 
Dp – total number of picks (in unit loads) for product p in the planning period 
f – Space cost in $ per square foot 
fp – footprint density, that is, footprint area required to store one unit load of product p 
considering the stacking height 
h – Order picking/handling cost in $ per foot 
I
t
p – storage level in unit loads planned for product p during period t 
The following are the decision variables: 
xpc – {1, if product p is assigned to class c; 0, otherwise 
ylc – {1, if location l is assigned to class c; 0, otherwise 
2.3 Storage Assignment with Inventory Models  
van den Berg and Zijm (1999) presented models on inventory management and 
storage location assignment separately and how they can be used to make performance 
improvements within a warehouse by reducing costs in relation to ordering picking and 
storage and handling costs. The importance of these two areas have been addressed 
individually and need to be combined to minimize order picking, storage and handling 
costs at the same time, since all of these operations occur simultaneously within a 
warehouse.  Kim (1993) stated that order sizes not only affect inventory- related costs but 
also determine space requirements, and that it is reasonable to integrate the decisions on 
order sizes and location assignment of stock.  
The storage location assignment problem along with an inventory model has been 
examined in research. Most often storage assignment policies have been combined with 
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an Economic Order Quantity (EOQ) inventory model to find the optimal reorder point 
and carrying costs of inventory.   
Wilson (1977) was the first in academic literature to demonstrate the reorder 
quantity and the storage location of products together in a mathematical model to 
minimize order picking costs and inventory costs. The objective of the paper was to 
minimize the man hours required to pick orders and transport them to the shipping area, 
while considering the order quantity.  Wilson (1977) recognized the importance of 
considering the costs of production, set up and holding inventory as well as handling 
costs. This paper also noted that the COI rule was an appropriate procedure for 
warehouse layout when the cost of retrieval of a product was determined solely by the 
location of the product. While this model was ground breaking it was a single stage 
problem and did not take into consideration that storage and retrieval transactions could 
be interleaved to optimize travel time.   
Hodgson and Lowe (1982) also examined a joint storage assignment and reorder 
quantity problem. They treated the assignment problem as a continuous layout problem to 
take advantage of the ability to tackle problems that have a large number of products in a 
small amount of computational time. An algorithm was used to find the locally optimal 
solution. While this model presented a similar idea to Wilson (1977) by combining the 
storage location assignment model with the EOQ inventory model the COI rule was not 
used to minimize handling costs, handling costs were minimized by the algorithm. 
Malmborg and Deutsch (1988) extended the model by Wilson (1977), the authors 
formulated a cost model that captured the relationship between the layout of a warehouse 
and the expected inventory and order picking costs. They examined order picking travel 
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costs between storage and retrieval locations, the costs from the retrieval locations to the 
I/O point, and inventory costs, . They did not consider the use of the COI rule to assign 
products to storage locations within the mathematical model. The mathematical model 
only attempted to minimize the order picking costs and inventory costs, and was 
constrained by the capacity of individual pallet positions not the entire warehouse. In the 
heuristic the COI rule was examined and the primary focus was on the warehouse layout. 
The results presented a trade-off between the total costs of the mathematical model and 
the space utilization of the warehouse.  
  Daellenbach (1977) focused on the storage assignment of products to tanks taking 
into consideration inventory stocking and a (s, S) replenishment policy. While this 
problem was not used to consider warehouse layout the concepts was similar in the sense 
that it considered the assignment of a product to tanks while considering the cost of the 
producing and holding the product in inventory. Daellenbach (1977) addressed the 
problem of finding the assignment of m products to n tanks where there are more 
products than tanks. The objective was to minimize production set-up costs, inventory 
holding and storage costs, and handling costs.  This problem is solved by tackling the 
problem in phases; however the problem was only solved for a small case and does not 
consider any larger scale models. The objective function was modelled using 
probabilities and integration of the decision variables. This paper does not take into 
consideration order picking costs that are found in the warehouse or a direct storage 
assignment policy but could be potentially extended to include a policy by taking into 
consideration pallet positions instead of tanks.  
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Kulturel et al. (1999) combined duration of stay and turnover based storage 
assignment policies with a continuous review, order quantity reorder point (Q, r) 
inventory model. The authors state that using the (Q, r) inventory policy is advantageous 
compared to using arbitrary order quantities even when the differences among individual 
order quantities were ignored. They used simulation and evaluated the model using 
factors and performance measures to determine the effectiveness of each policy, along 
with the inventory policy. This model possessed strong ideas for the combination of 
storage assignment with inventory control but never formulated a mathematical model 
with cost savings, but only looked at performance measures.  
Malmborg (1996) developed a model that has been successfully applied to 
evaluate alternative storage layout policies based on item retrieval costs but generally 
assumed fixed replenishment levels for the items in the retrieval area. The model in the 
paper characterized the cost relationship associated with item stock policies, aggregate 
space allocation and storage layout. It is assumed that a distribution system procures 
product in economic lot sizes of items, stores the items at the point of distribution, and 
distributes unit quantities based on demand. It is assumed that each order is retrieved 
individually in response to transactions demand when the item is placed on an 
accumulation device by an order picker. Overall an integrated model has been formulated 
which allows distribution designers to estimate costs associated with inventory carrying, 
reordering, and expediting item replenishment and retrieval, shortages in the item 
retrieval area and storage space. However this model did not consider item set up costs, 
there were no production constraints, and the model was static. Hassini (2008) examined 
storage space allocation and inter-replenishment times with the primary focus on cases 
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where the number of items was less than the number of storage spaces. The paper 
presented deterministic and stochastic models for allocating storage space in a time 
constrained environment. The replenishment policy used was a (Qi, si) policy examining 
available space and the amount of product that could fit into the space. Replenishment 
was to occur as soon as the products inventory was depleted. The model proved to be 
effective when the objective was to minimize system interruptions due to replenishment 
and replenishment was costly, and to maximize inter-replenishment times. The results 
showed that the proportion of space assigned to a product was not necessarily equal to its 
demand frequency. In the next subsection is a highly related model. 
2.3.1 Highly Related Model: Joint storage assignment and order quantity problem 
The model developed by Wilson (1977) considered a joint storage assignment and 
reorder quantity problem, where warehouse layout was examined simultaneously with the 
reorder quantities for SKUs. The model was formulated with a similar objective to the 
model of Harmatuck (1976) with the addition of an Economic Order Quantity (EOQ) 
model. Linear constraints were placed on the model in terms of storage capacity, number 
of products assigned to a location, and a non negativity constraint. The product 
assignment in this model was continuous.  Wilson (1977) was the first in published 
literature to combine the idea of the storage location and inventory control in a 
mathematical model. The model by Wilson (1977) gave the basic foundation of how 
inventory control could be combined with storage location assignment taking into 
consideration a storage assignment policy.  The formulation details are as follows: 
Minimize 
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𝑍 =  𝑂𝐷𝑗   𝐶𝑂𝑆𝑇𝑖 ∙ 𝑋𝑖𝑗
𝑚
𝑖=1
 /  𝑋𝑖𝑗
𝑚
𝑖=1
 
𝑛
𝑗=1
+    𝐶𝑜 ∙
𝐷𝑗
  𝑋𝑖𝑗
𝑚
𝑖=1  
+ (𝐶𝑚 ∙ 𝑉𝑗/2 𝑋𝑖𝑗
𝑚
𝑖=1
 
𝑛
𝑗=1
  
Subject to: 
                   
 𝐶𝑈𝑗 ∙ 𝑋𝑖𝑗 ≤ 𝐶𝐴𝑃𝑖
𝑛
𝑗=1
                                 𝑖 = 1,2,… ,𝑚 
 
𝑋𝑖𝑗 ≥ 0              𝑖 = 1,2,… ,𝑚;    𝑗 = 1,2,… ,𝑛    
 
This model possessed the idea of a joint storage assignment and inventory model. 
The idea of combining storage location assignment problem with the inventory costs will 
be used, along with idea of assigning a cost to retrieving an item from a specific location.  
Index, parameters and decision variable description 
The following are the index: 
i: Denotes the number of storage locations 
j: Denotes the number of items 
The following are the parameters in the model: 
DDj: The number of periods‟ demand for item j for which space must be allocated (time); 
CUj: The volume of space required by a unit of item j (length 
3
 /unit); 
AOSj: The average order size for item j (units); 
ODj: The number of orders per period for item j (time
-1
); 
CAPi: The volume capacity of location i (length
3
); 
COSTi: The cost of moving an order of any item from location i to the shipping area 
(dollars). 
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The following is the decision variable: 
Xij: The number of units of item j assigned to location i, for each i and j 
 In the next section another inventory model is examined that could be combined 
with the storage location assignment problem; the capacitated lot sizing problem will be 
discussed.  
2.4 Production Planning 
Production planning determines the quantity and the timing for several products 
in a finite number of periods, so as to satisfy a known demand in each period and 
minimize the sum of the set-up, production and inventory costs without incurring 
backlogs (Chen and Thizy 1990). 
Production planning has two primary goals, to meet customer demand and have 
the lowest costs. When meeting customer demand that is controlled under the limit of 
inventory capacity, we can say this situation is limited or bounded inventory capacity. In 
production planning there are two primary limiting factors; production capacity and 
inventory capacity. However in industries such as food processing inventory capacity is 
usually the limiting factor (Liu and Tu 2008). 
 In literature four families of models have been investigated in additions to the 
simple production planning, they are as follows (Chu and Chu 2008; Liu and Tu 2008): 
1) Models without backlogging. Each demand much be entirely delivered at period t 
2) Models with backlogging. Each demand much be entirely delivered at a time 
period later than t at the expense of backlogging cost.  
3) Stockout models. The demand does not have to be entirely met in all periods. 
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4) Outsourcing models. Each demand must be entirely delivered in a period t at the 
expense of an outsourcing cost. 
For a more detailed review on these families of models refer to (Chu and Chu 2008; Liu 
and Tu 2008).  
Jans and Degraeve (2008) have modeled various industrial extensions of the lot 
sizing problem but not the solution approaches. They examine the models in several 
ways, looking at production process, inventory, set up, demand and the rolling horizon, 
and they also model the lot sizing problem from the tactical and strategic perspective with 
distribution and supplier selection considered.  In the next subsections models were 
examined that considered the uncapacitated and capacitated lot sizing problems with 
focus on production planning when the inventory and production are capacitated.  
2.4.1 Uncapacitated Lot Sizing Problem  
Wagner and Whitin (1958) performed the first study on the uncapacitated lot 
sizing problem with backorder. They proposed an O (T
2
) algorithm for the problem based 
on a zero inventory policy with constant production and holding costs. Zangwill (1966) 
generalized the work of Wagner and Whitin (1958) by proposing a polynomial algorithm 
to solve the production planning problem when backorders are allowed.   Zoller and 
Robrade (1988) examined heuristics for the dynamic lot sizing model, they proposed an 
algorithm which enhanced the performance when solving the model under the condition 
of erratic demand. 
Since then several models and algorithms have been developed building on the 
model proposed by Wagner and Whiten (1958), more specifically the capacitated lot 
sizing problem (CLSP).  
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2.4.2 Capacitated Lot Sizing Problem (CLSP) 
 The capacitated lot sizing problem (CLSP) is one of the most important and most 
difficult problems in production planning (Karimi et al. 2003). The capacitated lot sizing 
problem was considered to be NP hard by Florian and Klein (1971) and Bitran and 
Yanesse (1982).  While the CLSP has been considered NP hard several algorithms and 
other solution methods have been developed to address the production planning problem. 
For example Chen and Thizy (1990) prove that lagrangian relaxation can be used to solve 
the problem. They also formulated and solve the multi-item capacitated lot size problem 
using the shortest path formulation.  Since then several algorithms have been developed 
to solve the problem in less time. Karimi et al. (2003) have performed an extensive 
literature review of the models and algorithms related to the CLSP and should be referred 
to for further explanation of the models and algorithms.   
The CLSP has been considered with bounded inventories with direction 
application to the warehouse environment. Love (1972) was the first to examine an 
inventory bounded problem. In the paper a single product facility dynamic lot size 
problem with bounded inventory levels was examined and an algorithm was developed to 
solve the problem.  
Page and Paul (1976) considered the problem of maintaining inventory for 
multiple products when there is a restriction on the maximum inventory investment or on 
the maximum amount of warehouse space.  In order to solve the problem they used an 
equal order interval method and found that this method was significantly better than the 
well known method of lagrangian multipliers. While Page and Paul (1976) did not use a 
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CLSP, they applied the idea of bounded inventory to the warehouse setting using the 
EOQ production planning model.  
Gutierrez et al. (2002) examined a relevant class of production inventory systems 
when the inventory levels were bounded. They solved a dynamic lot size problem in 
which the order quantities were restricted by the warehouse capacity. Demand was 
known, shortages were not permitted, and inventory levels could exceed storage capacity. 
The model was previously solved by Love (1973), however they different algorithm to 
solve the problem, which reduced the amount of required computational time.  
Sedeno-Noda et al. (2004) examined a dynamic lot sizing problem in which the 
inventory levels were restricted by the warehouse capacities. It was assumed that the 
demand was known and shortages were not allowed. An O (TlogT) algorithm was used to 
solve the model.   
Chu and Chu (2008) examined the single item dynamic lot sizing model with 
bounded inventory and outsourcing, where production capacity was assumed to be 
unlimited. The inventory was bounded by the storage capacity of the warehouse. Their 
model with the addition of the bounded inventory and outsourcing had industrial 
application; they used a strongly polynomial algorithm to optimally solve the problem.   
Lui and Tu (2008) examined a production planning problem where the inventory 
capacity was the limiting factor. The problem was further complicated by the inventory 
capacity being constantly bounded, not allowing backlogging, and stating that production 
and stock out costs were not decreasing. They formulated the model and developed an 
algorithm that was considered to be O (T
2
). 
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Minner (2009) analyzed the replenishment of multiple products to satisfy dynamic 
demand when the warehouse capacity or the available inventory budget was limited.  A 
savings based heuristic was suggested for the warehouse scheduling problem and three 
simple approaches to the replenishment of multiple products with dynamic demand and 
limited warehouse capacity. These results were also compared with a mixed integer 
programming solver. 
The capacitated lot sizing problem with bounded inventory has also been 
extended to include multiple products. Absi and Kedad-Sidhoum (2008) examined the 
multi-item capacitated lot sizing problem with setup time and shortages. The problem 
was to minimize demand shortages, the setup, the inventory and the production costs. The 
formulation was an extension of the CLSP with the addition of parameters and variables 
to minimize setup times and shortages costs. This model was also capacitated by bounded 
inventory.  
Hariga and Jackson (1996) presented the warehouse scheduling problem (WSP) 
which was a multi-item warehouse problem that was limited by the floor space within the 
warehouse. The focus of the paper was to optimize space utilization, through order sizes 
and delivery scheduling. A cyclic schedule was made that minimized the long run 
average inventory and order costs per unit time without violating a warehouse space 
capacity constraint.  
While all of these papers have demonstrated that the capacitated lot sizing 
problem can be applied to a warehouse none of them have combined storage assignment 
for the reduction of storage and handling costs to the model. A reason for this could be 
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that the problem was considered NP hard. However it has been found in literature that the 
problem can be formed and solved as a Mixed Integer Program (MIP). 
Rizk et al. (2006) examined a multi-item lot sizing problem with dynamic demand 
and formulated it as a mixed integer program to plan the supply of a family of items 
under piecewise linear resource costs. The problem was decomposed using lagrangian 
relaxation and a lagrangian heuristic was used to solve the problem.  
Pochet and Wolsey (1991) solved the multi-item lot sizing problem as a mixed 
integer program. The paper aimed to show some slow but significant progress in solving 
a variety of multi-item lot sizing problems. They examined the capacitated and 
uncapacitated problem and solution approaches for each. They concluded that the 
problem with both individual and joint production capacity constraints as well as 
problems with machine start up costs can be solved efficiently as mixed integer 
programs.  
 Pochet and Wolsey (2006) later went on to write a book on production planning 
by mixed integer programming where they explain how to formulate the uncapacitated 
and capacitated lot sizing problem as a mixed integer program and described 
computational software, and algorithms that can solve these models.   
2.4.3 Highly Related Model: Capacitated Multi-Item Lot Sizing Problem (CLSP) 
The capacitated lot sizing problem has been studied extensively in research, 
several other authors have formulated this problem.  This specific model was taken out of 
the article by Jans and Degraeve (2008). They examined the modeling of industrial lot 
sizing problems and not the solution methods. The CLSP will be used as the production 
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planning part of the model with this thesis. Below is the general formulation of the CLSP 
as found in the model by Jans and Degraeve (2008). 
Minimize 
   𝑠𝑐𝑖𝑡𝑦𝑖𝑡 + 𝑣𝑐𝑖𝑡𝑥𝑖𝑡 + ℎ𝑐𝑖𝑡𝑠𝑖𝑡 
𝑖∈𝑇𝑖∈𝑃
 
Subject to: 
𝑠𝑖 ,𝑡−1 + 𝑥𝑖𝑡 = 𝑑𝑖𝑡 + 𝑠𝑖𝑡    ∀𝑖 ∈ 𝑃,∀𝑡 ∈ 𝑇 
𝑥𝑖𝑡 ≤ 𝑀𝑦𝑖𝑡    ∀𝑖 ∈ 𝑃,∀𝑡 ∈ 𝑇 
 𝑣𝑡𝑖
𝑖∈𝑃
𝑥𝑖𝑡 ≤ 𝑐𝑎𝑝𝑡    ∀𝑡 ∈ 𝑇 
𝑥𝑖𝑡 , 𝑠𝑖𝑡 ≥ 0   ∀𝑖 ∈ 𝑃,∀𝑡 ∈ 𝑇 
𝑦𝑖𝑡 ∈  0,1    ∀𝑖 ∈ 𝑃,∀𝑡 ∈ 𝑇 
The „big M‟ is usually set equal to min {capt/vti, sditm}, so such the production is now 
limited by both the capacity and remaining demand. sditm is the cumulative demand for 
item i at period t until m. However in the model for thesis we will let M represent a scalar 
value, which may represent any important constraining factor.  
Index, parameters, and decision variables description 
The following are the index: 
i – item    i=1,...,P 
t – periods    t=1,...,m 
The following are the parameters: 
xit – the production level of item i in period t 
yit – the set up decision of item i in period t 
sit – the inventory variable of item i in period t 
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scit – set up cost of item i in period t 
vcit – the variable production cost of item i in period t 
hcit – holding cost of item i in period t 
dit – demand of item i for each period t 
sditm – cumulative demand of item i for period t until m 
capt – limited production capacity 
Note: Producing one unit of product i consumes vti units of capacity 
2.5 Review of Literature Conclusion 
In this literature review the major areas involved for a production warehousing 
system were examined. All of this literature is summarized into the following chart 
identifying all the areas of research that have been covered and highlighting gaps in 
previous research.  
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(2008) 
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Kim, K.H., (1993) √         √             
Kulturel, S., Ozdemirel, 
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Larson, T.N., March, H., 
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  √                 
    
Malmborg, C.J., 
Bhaskaran, K., (1989) 
√   √               
    
Malmborg, C.J., Deutsch, 
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Minner, S. (2009)           √   √   √     
Muppani, V, Adil, K., 
(2008) 
√ √   √         √   
    
Nocturne, D.J., (1973)         √               
Page and Paul (1976)         √     √   √     
Peterson C.G., Aase, G., 
(2004) 
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Peterson C.G., Schmenner, 
R.W.,  (1999) 
  √                 
    
Pochet, Y., Wolsey, L.A., 
(1991) 
              √   √ 
    
Pochet, Y., Wolsey, L.A., 
(2006) 
              √   √ 
    
Rizk, N., Martel, A., 
Ramudhim, A., (2006)  
              √   √ 
    
Sedona-Noda, A., 
Gutierrez, J., Abdul-Jaber, 
B., Sicilia, J., (2004) 
              √         
Van den Berg, J.P., Zijm, 
W.H.M., (1999) 
√       
 
          
    
Wagner HM, Whitin T. 
(1958) 
            √ √   √ 
  
√ 
Wilson H.G., (1977) √ √     √       √     √ 
Zangwill, W.I., (1966)             √     √     
Zeng, A.Z., Mahan, M., 
Fluet, N., (2002) 
  √ √               
    
Zhang, G.Q., Xue, J., Lai, 
K.K., (2000) 
√                   
    
Zoller and Robade (1988)             √     √     
Thesis Model √ √   √       √   √   √ 
Note: SLAP: Storage Location Assignment Policy, EOQ: Economic Order Quantity, (S,s): Replenishment Policy, 
ULSP: Uncapacitated Lot Sizing Problem, CLSP: Capacitated Lot Sizing Problem 
Table 2.3 Summary of Literature Review 
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 This summary table of the literature review highlights the fact that in previous 
literature it was believed that no one has combined a storage location assignment policy 
with the capacitated lot sizing problem dynamically, and has formulated the model 
mathematically. 
This literature review established the following: 
- Extensive research has been conducted on storage assignment policies and the 
storage location assignment problem.  
- Extensive research has been conducted in regard to order picking reducing travel 
time or travel costs.  
- Extensive research has been conducted in regard to inventory modeling, with the 
Economic Ordering Quantity (EOQ), and replenishment polices.  
- Previous research has been conducted establishing the need to coordinate storage 
assignment with inventory control. 
- Past research has combined storage assignment with static EOQ and 
replenishment policies, which were. 
- No combination has been made between the storage location assignment problem 
and the capacitated lot sizing problem.  
In the next chapter a mathematical model is formulated combining the storage location 
assignment problem and the capacitated lot sizing problem. 
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Chapter 3: Problem Description and Mathematical Programming 
Model 
The model presented in this chapter is based on ideas found from a warehouse 
scenario observed and combines a storage location assignment problem with the 
capacitated lot size problem. The model developed in this thesis accommodates the 
situations encountered during the internship at Dainty Foods, and can be applied to other 
production warehouses. In this chapter the problem that this thesis will address and the 
required background will be discussed.  
3.1 Background and problem definition 
This thesis focused on the settings within a production warehouse and the 
mathematical program models the following operations: the production, the storage and 
handling of the items. Attention will be focused on items that are produced in the facility 
and placed in the warehouse for storage, and then are sent to the output point for delivery 
to customers.  The process of item flow within the observed warehouse was as follows: 
- Items were produced in the production area of the facility 
- Items were sent by conveyors to automatic palletizers, and were placed on 
pallets. 
- The items were then picked up at from these palletizers using a forklift truck 
and placed into specific storage locations. (One unit of item i occupied one 
storage location, and it should be noted that pallets were floor stacked and 
could be stacked approximately 3 pallets high. However for simplicity of the 
model it was assumed that products will be moved in stacked columns of 3 
pallets).  
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- From these specific storage locations a fork lift truck was used to bring items 
to the I/O point. 
This product flow was modified for the model within this thesis, so that the model is 
generic enough to mirror the general flow of items within any production warehouse. The 
modified item flow is listed below: 
- Items are produced in the production area of the facility 
- The item are picked up from the production area and placed into the 
warehouse in storage locations  
- From these specific storage locations items are brought by a fork lift truck to 
the output point. 
Figure 2 depicts the flow of items from the production area to the output point of the 
facility.  The areas of interest associated with each section of the process have been 
highlighted in the figure.  
 
Figure 2: Item Flow from production to warehousing to output 
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In the production area of the warehouse the model was concerned with 
production, setup, inventory, demand, and the production constraints.  Production was 
considered to address the cost of minimizing how many items were produced during a 
given period. This cost was only incurred when items were produced, and these costs 
usually varied per item. In this model the different product lines on which products were 
produced was not considered, a general production area where all items are produced was 
assumed. Setup costs were related to the amount of time an operator would spend 
prepping a machine for production. The operator salary per hour was used and was 
multiplied by the amount of time that the operator needed to perform the setup operation. 
This data was taken from a time study that was conducted, and the cost for each setup 
varied based on the production line and the type of item that was going to be produced.  
Inventory was considered and was based on which items were in the warehouse at the 
end of the period, and the cost of holding products at the end of the period was 
minimized. Demand was forecasted and known and production was performed to meet 
demand at a minimal cost.  The production constraints were what limited production, and 
it was found that while it may be cheaper to produce more product and hold them in 
inventory, the model assumed that you could not produce more items than you had space 
for. Therefore in the production area the focus was on production costs, setup costs and 
inventory costs. These costs were constrained by product demand and key production 
resource constraints.  
From the production area to the warehouse storage locations the cost of distance 
travelled was required. This cost was incurred whenever a product was carried by a fork 
lift truck from the production area to the storage locations.  Each storage location had its 
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own individual address that items could be delivered to, and a cost was proportional to 
the distance travelled in feet by the forklift operator from the production area to that 
specific storage location.  
. A dedicated storage assignment policy was used to organize the warehouse 
space, by assigning locations to each item. These policies have been examined in the 
literature review found in Chapter 2, and have been proven to increase the amount of 
space utilization.  While it was determined that a class based storage assignment policy 
would be the best option for this specific warehouse, for the purpose and simplicity of 
this model a dedicated storage assignment policy has been used. A dedicated storage 
assignment policy also has industrial relevance to the warehouse as it allows order 
pickers to become familiar with item locations, and it typically reduces the material 
handling costs. The optimal storage locations were determined based on cost; this cost 
was proportional to the distance travelled in feet by the forklift operator during the 
placement and retrieval of items in the warehouse. The cost was based on the wage of the 
operator, order processing, labelling, and shrink wrapping of the items. Figure 3 is a 
depiction of the general warehouse layout that would be used in the above scenario.    
 Inventory level and demand were also considered in the warehouse storage 
location stage because at this stage the amount of inventory carried over to the next 
period is minimized while accounting for the customer demand. An example of the 
general idea for the warehouse layout that was considered for the model is depicted 
below in Figure 3.  
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Figure 3: General Warehouse Layout 
This figure depicts the layout of the warehouse that was considered for the 
mathematical model. This is not the warehouse layout of the industry sponsor but is an 
example of the general layout considered within the thesis. It was assumed that products 
came into the system at the top of the figure from the production area and exited in the 
bottom left hand corner of the figure at the output point. Examples of different scenarios 
can be found in Chapter 4.  
The travel costs associated with the movement of product from the storage 
locations to the output point and from the production area to the storage locations was 
calculated based on operator travel. The only different was the starting and ending points 
which alters the cost of travel. Therefore in most cases the distance from the production 
50 
 
area to the storage locations differed from the distance from the storage locations to the 
output point.  
At the output point, demand was considered for each item and was considered as 
the pull mechanise in the item flow process. The forecasted demand which was known 
determined how many items would flow to the output point each period to be shipped to 
customers and this was where the item flow ended in the model.  
Based on the area of research identified at the industry sponsor, the item flow in a 
general production warehouse, and the noted gap in research a mathematical model was 
developed. This thesis combined a dedicated storage location assignment with the 
capacitated lot sizing problem into a single mathematical model that minimized travel 
distance, reserved storage space costs, handling, production, inventory holding, and setup 
costs. In the next section is the formulation of the mathematical model.  
3.2 Joint multi-item storage location assignment and capacitated lot sizing problem 
The model for this thesis focused on a production warehouse and modeled the 
assignment of items to storage locations to minimize the cost to assignment/retrieval of 
travel, reserving space, production, inventory and setup costs. The following section is 
broken down into subsections containing pertinent model information. 
3.2.1 Model Assumptions 
The basic assumptions for this model were as follows: 
- All items were stored and moved on pallets. Pallets were considered to be the 
same size, weight, and geometric configuration and these factors had no effect 
on the storage and handling costs  
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- A discrete number of warehouse storage locations were used 
-  Items were delivered and retrieved using a single command fork lift truck.  
- One unit of item i accounted for a column of three pallets.  
- There was one general production area that products come from, and one 
output point 
- Costs associated with the placement and retrieval of items were directly 
proportional to the distance travelled  
- Demand was forecasted and known, and shortages were not permitted.  
- All costs for production, set up and holding were known, and the variable unit 
space was given the value of 1.  
- Set up costs were proportional to the time spent by the operator to prep the 
production area for the production of an item.  
In the next section the complete mathematical model was formulated. 
3.2.2 Index Description  
i  :   Denotes an item number. Each item will be assigned on item number, this number 
will be used to keep track of item production, demand, and storage, and all the costs 
associated with these operations. 
t  :   Denotes the number of periods within the planning horizon, the problem is 
considered dynamic so parameters and decision variables are expected to change over 
time. 
l  :   Denotes the number of storage locations within the warehouse. The storage locations 
will be indexed and cost will be determined based on the distance from the production 
area to storage locations, and storage locations to the output point.  
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3.2.3 Parameter and variable description 
The following are the parameters of the model: 
R
l   
:  Unit cost of reserving storage location l. 
O
l   
:  Unit cost of moving a column of any item from storage location l to the output 
point. 
P
l   
:   Unit cost of moving a column of any item from the production area to storage 
location l. 
h
i 
t  :   Unit inventory cost of holding item i at period t. 
c
i
 t  :   Variable unit production cost of item i at period t. 
u
i
 t   :   Unit setup cost of item i at period t. 
d
i
 t   :   The amount of required demand of item i in period t. This parameter denoted the 
demand of each item, which varied from product to product and period to period.  
v
i
 t   :   The variable capacity of item i at period t.  
ft      :   Denoted a key resource constraint on production, for example, personnel, budget, 
production, etc. 
M   :   Represented a scalar value, for any important constraining factor on production. 
For example time is a constraint on production that limits the amount of product that can 
be produced in a given time period.  
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The following are the variables of the model: 
x
i
 t   :   The quantity of item i produced during period t. This parameter denoted the 
production quantity of each item; this value varied from product to product and in 
different periods.  
s
i 
t   :   The inventory level for item i at the end of period t.  
y
i
t    :   1, if item i is produced during period t; 0, otherwise. 
w
il
t  :   1, if item i is moved from the production area and placed in storage location l 
during period t; 0, otherwise.  
q
il
t   :   1, if item i is requested (by demand) from location l during period t; 0, otherwise.  
n
il
t   :   1, if item i is inventoried in location l during period t; 0, otherwise 
z
il    
:   1, if location l is reserved for item i for the planning horizon; 0, otherwise.  
Note: Each location can only hold one unit at a time 
 
3.2.4 Formulation 
The problem was formulated as a mixed integer program, some of the variables in 
the model were real values and some of the variables were integer values. The model was 
formulated as a MIP so that it could be solved using computational software. The initial 
values for s(i,0)=0 and n(i,l,0)=0. 
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3.2.4.1 Objective Function 
 
𝑍 =     𝑅𝑙 ∗ 𝑧𝑖𝑙  
𝐿
𝑙
𝐼
𝑖
 +       𝑃𝑙 ∗  𝑤𝑡
𝑖𝑙  
𝑇
𝑡
𝐿
𝑙
𝐼
𝑖
  +       𝑂𝑙 ∗  𝑞𝑡
𝑖𝑙  
𝑇
𝑡
𝐿
𝑙
𝐼
𝑖
 
+ [   𝑐𝑡
𝑖𝑥𝑡
𝑖 + 𝑢𝑡
𝑖𝑦𝑡
𝑖 + ℎ𝑡
𝑖 𝑠𝑡
𝑖 
𝑇
𝑡=1
𝐼
𝑖=1
] 
 
The objective function was divided into four terms: Term one was the cost of 
reserving locations for items, in a dedicated storage policy. The second term was the cost 
associated with the travel of products from the production area to assigned storage 
locations. The third term was the cost associated with the travel of products from the 
storage locations to the output point, this occurred once a product was demanded during a 
given time period. The fourth term was all the costs associated with production planning, 
the cost of production, setup, and holding inventory. The objective was to produce and 
place the products in the best locations to minimize these costs.  
 
3.2.4.2 Constraints 
 𝑧𝑖𝑙
𝐼
𝑖
≤ 1   ∀𝑙                                                            (1)  
Constraint (1) limited the number of items that could be assigned to a reserved location to 
one. This constraint stated that a location could only be reserved by one item. 
 𝑞𝑡
𝑖𝑙
𝐼
𝑖=1
≤ 1   ∀𝑙 ,∀𝑡                                                  (2) 
Constraint (2) ensured that only one item can be requested per storage location during a 
given period. 
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 𝑤𝑡
𝑖𝑙
𝐼
𝑖=1
≤ 1   ∀𝑙 ,∀𝑡                                                  (3)  
Constraint (3) limited the number of items that could be placed into a single storage 
location during time period t. The summation of all items in a storage location could at 
most be a maximum of one.  
 𝑛𝑡
𝑖𝑙
𝐼
𝑖=1
≤ 1   ∀𝑙 ,∀𝑡                                                  (4)  
Constraint (4) stated that only one item could be inventoried per storage location during 
time period t.  
 𝑞𝑡
𝑖𝑙
𝐿
𝑙=1
= 𝑑𝑡
𝑖   ∀𝑖,∀𝑡                                                     (5)  
Constraint (5) stated that the number of products requested from storage locations during 
period t was equal to the demand of that product during period t.  
 
 𝑤𝑡
𝑖𝑙
𝐿
𝑙=1
= 𝑥𝑡
𝑖    ∀𝑖,∀𝑡                                                  (6)  
Constraint (6) ensured that when items were produced they were placed in storage 
locations, and that only what was produced could be placed into these storage locations.  
 
 𝑛𝑡
𝑖𝑙
𝐿
𝑙=1
= 𝑠𝑡
𝑖    ∀𝑖,∀𝑡                                                   (7)  
Constraint (7) stated that all the locations that items remain in at the end of time period t 
is equal to the inventory at the end of time period t.  
𝑞𝑡
𝑖𝑙 ≤ 𝑤𝑡
𝑖𝑙 + 𝑛𝑡−1
𝑖𝑙   ∀𝑖,∀𝑙,∀𝑡                                     (8)  
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Constraint (8) stated that items could only be retrieved from locations which they have 
previously been placed or inventoried.  
𝑤𝑡
𝑖𝑙 +  𝑛𝑡−1
𝑖𝑙  ≤ 1 ∀𝑖,∀𝑙 ,∀𝑡                                       (9)  
Constraint (9) stated that a location cannot contain an inventoried item and an item 
placement at the same time. Therefore no item could be assigned to a location where an 
item is already inventoried in the previous period.  
𝑛𝑡
𝑖𝑙 = 𝑤𝑡
𝑖𝑙 − 𝑞𝑡
𝑖𝑙 + 𝑛𝑡−1
𝑖𝑙    ∀𝑖,∀𝑙 ,∀𝑡                    (10) 
Constraint (10) is the flow of an item from the production area, to a storage location and 
from the storage location to the output point. It stated that a location inventoried during 
period t, is equal to the product assigned and removed to and from the location during the 
time period, plus if an item has been inventoried at the end of the previous period.  
𝑞𝑡
𝑖𝑙 ≤ 𝑧𝑖𝑙    ∀𝑖,∀𝑙,∀𝑡                                                 (11)  
Constraint (11) ensured that items were only retrieved from locations that had been 
reserved for them. 
𝑤𝑡
𝑖𝑙 ≤ 𝑧𝑖𝑙    ∀𝑖,∀𝑙,∀𝑡                                                 (12)  
Constraint (12) ensured that items were only placed in locations that had been reserved 
for them.  
𝑛𝑡
𝑖𝑙 ≤ 𝑧𝑖𝑙    ∀𝑖,∀𝑙,∀𝑡                                                 (13)  
Constraint (13) ensured that items were only inventoried in locations that have been 
reserved for them.  
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 𝑣𝑡
𝑖 ∙ 𝑥𝑡
𝑖 ≤ 𝐹𝑡    ∀𝑡
𝐼
𝑖=1
                                                 (14) 
Constraint (14) was a production capacity constraint. This constraint ensures that the 
amount of each item produced multiplied by the variable capacity of each item did not 
exceed any key resource during the planning horizon. 
𝑥𝑡
𝑖 ≤ 𝑀𝑦𝑡
𝑖    ∀𝑖,∀𝑡                                                     (15) 
Constraint (15) was a set up constraint; this constraint put a limit on production during 
each period.  
𝑥𝑡
𝑖 , 𝑠𝑡
𝑖 ≥ 0   ∀𝑖,∀𝑡                                                      (16) 
Constraint (16) characterized the variable‟s domain, stating that xi t and s
i
 t are non 
negative for i=1,...,N and t=1,...,T.  
𝑧𝑖𝑙 ,𝑤𝑡
𝑖𝑙 , 𝑞𝑡
𝑖𝑙 ,𝑛𝑡
𝑖𝑙 ,𝑦𝑡
𝑖 ∈  0,1   ∀𝑖,∀𝑙 ,∀𝑡                 (17) 
Constraint (17) characterized the variables domain: binary variables for i=1,...,N and 
t=1,...,T. 
Note: It was noted that no more than one unit can be assigned to one location because 
there is not enough space for more than one unit, and inventory levels will never exceed 
the amount of available storage locations. Also x
i
t and s
i
t are treated as real variables to 
reduce computational efforts and this is a common practice when dealing with production 
planning problems.  
The input data required for this model was the number of items, storage locations, 
the planning horizon, forecasted demand, as well as the costs for production, setup, 
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storage, handling, travel costs, and reservation cost.  This data is found in the next 
Chapter along with the solution approach and a verification model.  
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Chapter 4: Solution Approach and Test Parameters 
 This chapter presents optimization software that has been used to model and solve 
the joint multi-item storage location assignment and capacitated lot sizing problem.  This 
chapter is broken into the following sections: Optimization software background on 
GAMS/Cplex, a verification example followed by the input data that was tested for the 
“joint multi-item storage location assignment and capacitated lot sizing problem” for 
small, medium and large scale test parameters.  
4.1 Background on Optimization Software 
 A common practice to solve mathematical models is the use of optimization 
software.  Optimization software has specific languages and different solvers that can be 
used to solve a variety of models. The optimization software that was chosen to solve the 
mathematical model within this thesis was the General Algebraic Modeling System 
(GAMS) software. This software was combined with the commercial MIP solver Cplex 
to solve the “joint multi-item storage location assignment and capacitated lot sizing 
problem.” 
“GAMS is a high-level modeling system for mathematical programming and 
optimization. It consists of a language compiler and a stable of integrated high-
performance solvers.” (www.gams.com) The GAMS software was chosen because of its 
availability and the following benefits: 
- “GAMS was tailored for complex, large scale modeling applications, and allowed 
for a large maintainable model to be built.  
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- Specifically designed for modeling mixed integer optimization problems. 
- Using GAMS, data was entered only once in a familiar list and table were form.  
- Models were described in concise algebraic statements which were easy for both 
humans and machines to read. 
- Whole sets of closely related constraints were entered in one statement, and 
GAMS automatically generates each constraint equation. 
- GAMS handled dynamic models involving time sequences, lags and leads and 
treatment of temporal endpoints.  
- GAMS facilitated sensitivity analysis. 
-  GAMS was able to formulate models in many different types of problem classes. 
Allowing for the switch between one model type to another with a minimum 
effort.” (www.gams.com) 
For the above reasons as well as the availability of the GAMS software it was chosen to 
model the “joint multi-item storage location assignment and capacitated lot sizing 
problem.” 
Cplex is a commercial LP, MIP, QP solver from ILOG Inc.  and is “one of the GAMS 
solvers that allow users to combine the high level modeling capabilities of GAMS with 
the power of Cplex optimizers. Cplex optimizers are designed to solve large, difficult 
problems quickly and with minimal user intervention, however they provide the options 
for users to alter the settings (www.gams.com).” For this thesis the Cplex interactive 
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optimizer was available as the optimization solver. The GAMS files were converted into 
mps files using an mps writer and were imported into the Cplex solver and were solved.  
In the next section the model developed in chapter 3 has been verified.   
4.2 Verification of Model using GAMS/Cplex  
To show that the model performed according to expectation, a small validation 
model was tested.  The model determines how much of each item to produce, how many 
setups were required, invoked a dedicated storage location assignment policy by 
reserving locations, assigned items to locations that have been reserved for them, and 
retrieved items from locations during the time periods. The verification model contains 
two items, three storage locations, and two time periods. The following were the test 
parameters for the verification model: 
Parameters 
f (t) key production resource constraint; 
f (t) =3;  
  
v (i) the amount of space item i occupies; 
v (i) =1;  
 
r (l) The cost of reserving storage location l; 
r (l) =10; 
 
o (l) the cost of moving a column of an item from storage location l to the output point; 
location1       1 
location2       3 
location3       5; 
 
 p (l) the cost of placing a column of an item to storage location l from the production 
area; 
location1       2 
location2       4 
location3       6; 
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h (i, t) The unit inventory cost of holding item i at period t; 
                          Jan      Feb 
            item1     2.94    2.94 
            item2     2.94    2.94; 
  
c (i, t) The unit production cost of producing item i at period t; 
                          Jan     Feb 
            item1     6.24   6.24 
            item2     5.82   5.82; 
 
u (i, t) The set up cost of item i at period t; 
                          Jan     Feb 
            item1     4.5     14.5 
            item2     4.5     14.5; 
 
d (i, t) The amount of required demand of item i at period t; 
                          Jan      Feb 
            item1      0        2 
            item2      1        0; 
 
  SCALAR M Production capacity /2/; 
 
The model, as described in previous sections aims to minimize storage and 
production costs. This was done by minimizing how many items were produced, how 
many setup occurred, how many items were to be kept in inventory,  and reserving, 
assigning, storing and retrieving  products to storage locations with the lowest costs. The 
demonstration version of GAMS was able to solve this model using the Cplex solver.  
The model was also verified using the optimization software called LINGO, and was also 
solved by hand. The global optimal solution was found and displayed below are the 
results of the verification model.   
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Solution 
 
Objective Function 
Z=$66.90 
 
x (i, t) amount of item i produced at period t 
Item Jan Feb 
Item1 2 0 
Item2 1 0 
 
y (i, t) if item i is set up at period t 
Item Jan Feb 
Item1 1 0 
Item2 1 0 
 
z (i, l) if location l is reserved for item i 
 Location1 Location2 Location3 
Item1 1 1 0 
Item2 0 0 1 
 
w (i, l, t) if item i is placed in location l at period t, 0 otherwise 
Item and Location Jan Feb 
Item1.Location1 1 0 
Item1.Location2 1 0 
Item2.Location3 1 0 
 
q(i,l,t) if item i is placed in location l at period t 
Item and Location Jan Feb 
Item1.Location1 0 1 
Item1.Location2 0 1 
Item2.Location3 1 0 
 
n(i,l,t) if item i is placed in location l at period t 
Item and Location Jan Feb 
Item1.Location1 1 0 
Item1.Location2 1 0 
 
s (i, t) amount produced of item i at period t 
Item Jan Feb 
Item1 2 0 
 
 
The results in the above table were interpreted as follows: in the first period; a set up 
cost was incurred for the production of item1 and the production of item2.  Two units of 
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item1 and one unit of item2 were produced. Two storage locations, location1 and 
location2 were reserved for item1, and one storage location, location3, was reserved for 
item2. In the first period item1 was placed in storage location1 and location2, and item2 
was placed in storage location3. During that period item2 was removed from storage 
location3 and brought to the output point, and item1 remained in storage locations1 and 
location2 and were inventoried until the next period.  In period 2 item1 was removed 
from both locations and brought to the output point. This set of solution parameters gave 
the global optimal solution to the joint multi-item storage location assignment and 
capacitated lot size problem verifying the correctness of the model.  
4.3 Test Parameters 
Once it was established that the model was valid several other test parameters 
were used to examine the effect of changing the setup cost, the number of different items, 
the number of storage locations, and  the number of time periods and demand, had on  the 
solution time, nodes, and number of iterations for the solved  problem. Listed in a Table 
4.1 are the number of items, storage locations and time periods for the different instances 
that were to be solved for the model. Experimental data was tested with the mathematical 
model for small, medium and large problems, some of this data was taken from the 
internship at Dainty Foods, and the random number generator function in excel was also 
used.   
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Test Models 
Small Scale 
- 5 items, 10 storage locations, 5 periods (Base Model) 
- 5 items, 10 storage locations,  5 periods (Scaled industrial problem) 
- 5 items, 15 storage locations, 5 periods (Increased number to storage locations) 
- 5 items, 10 storage locations, 6 periods (Increased the number of time periods) 
- 6 items, 10 storage locations, 5 periods (Increased the number of items) 
- 10 items, 25 storage locations, 6 periods (Small Industrial Problem) 
Medium Scale 
- 25 items, 65 storage locations, 8 periods (Medium Industrial Problem) 
- 50 items, 233 storage locations, 12 periods (Medium Industrial Problem) 
Large Scale 
- 153 items, 814 storage locations, 12 periods (Industrial Example) 
Table 4.1 List of Test Models 
The indices found in table 4.1 were the items (the number of SKUs that were stored 
in the warehouse), the storage locations (the number of available storage locations within 
the warehouse) and the time periods, measured in months. 
The first test problem consisted of 5 items which all had varying demands, 10 storage 
locations where the items could be placed and retrieved from once they were produced 
and demanded, and this was to occur over 5 time periods. Test parameters were 
assembled for the small, medium and large scale models and can be found in the 
following sections.  
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4.3.1 Small Scale Test Parameters 
Small scale tests models were conducted to demonstrate how the mathematical 
model decided what to produce each period, how many locations to assign to each item, 
where the items were to be located and retrieved from, and how much of each item 
should be inventoried over a specified time horizon. At this level it was easy to fine tune 
the model and to pin point any problems that may arise in medium to larger scale 
problems.  For each small problem that was tested, the input data regarding the number of 
items, periods, and storage locations were given in Table 4.1.  For the models the 
production, inventory, travel costs, cost of reserving, and demand all stayed the same 
unless otherwise noted. While the set up costs changed.  Given below are the test 
parameters for all the models and the significance of running the test model.  
The model with 5 items, 10 storage locations, and 5 periods was chosen as the base 
model because it was small enough that when additions were made to the number of 
items, storage locations or the time periods, the problem could still be solved in 
reasonable computational time.  This model contained 876 variables, which made it easy 
for GAMS/Cplex to solve the model. Listed in Table 4.2 are the test parameters of the 
base model.  
Model: 5items, 10 locations, 5 periods   
Base model 
 
Parameters   
 
f(t)  :   key production resource ; f(t) =10    
 
r(l)  :   The cost of reserving storage location l; r(l) =10; 
 
v(i)  :   The amount of space item i occupies; v(i) =1; 
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o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May 
item1 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 
 
c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May 
item1 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 
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u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May 
item1 4.50 4.50 4.50 4.50 4.50 
item2 6.00 6.00 6.00 6.00 6.00 
item3 15.00 15.00 15.00 15.00 15.00 
item4 6.00 6.00 6.00 6.00 6.00 
item5 4.50 4.50 4.50 4.50 4.50 
          
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May 
item1 3 3 3 3 3 
item2 2 2 2 2 2 
item3 1 2 1 2 1 
item4 2 2 2 2 2 
item5 1 1 1 1 1 
 
M Production capacity per period /5/; 
Table 4.2: Tests Parameters 5items, 10 storage locations and 5 periods 
The next model that was tested was a variation of the base model however 
changes were made to the demand of items, the production capacity was reduced to force 
inventory, and set up costs increased as the time periods increased. The demand of the 
items was changed to model industrial problems where the items were not demanded 
every period and were requested in different quantities. The production capacity was 
changed to limit the amount of production during a given time period, this was done to 
model the situation where all the items cannot be produced in the period that they were 
demanded, so inventory has to be kept on hand. And the setup costs were increased per 
time period forcing items to be made when it was cheaper, exaggerating the wear and tear 
on production equipment and how setups require more time on older machines. Listed in 
table 4.3 are the test parameters for the model.  
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Model: 5items, 10 locations, 5 periods (Forced Inventory)   
Changes: Demand differed from the base model ,capacity was enforced on production, 
and set up costs were higher and exaggerated 
Parameters 
f(t)  :   Key production resource ; f(t) =10    
r(l)  :   The cost of reserving storage location l; r(l) =10; 
v(i)  :  The amount of space item i occupies; v(i) =1; 
 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
 
h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May 
item1 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 
70 
 
 
 c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May 
item1 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 
  
u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May 
item1 4.50 14.50 44.50 34.50 54.50 
item2 4.50 14.50 44.50 34.50 54.50 
item3 4.50 14.50 44.50 34.50 54.50 
item4 4.50 14.50 44.50 34.50 54.50 
item5 4.50 14.50 44.50 34.50 54.50 
       
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May 
item1 1 3 0 2 3 
item2 0 2 0 2 1 
item3 1 2 1 2 1 
item4 2 0 0 2 2 
item5 0 1 0 1 0 
 
M Production capacity per period /2/; 
Table 4.3: Tests Parameters 5items, 10 locations and 5 periods with forced inventory 
 The next test model increased the number of storage locations from 10 storage 
locations to 15 storage locations. This was done to see the effect of the increased number 
of storage locations on the solution time, nodes, and number of iterations. In Table 4.4 
below are the test parameters.  
71 
 
Model: 5items, 15 locations, 5 periods     
 Parameters 
 
f(t)  :   Key production resource ; f(t) =12    
r(l)  :   The cost of reserving storage location l; r(l) =10; 
v(i)  :   The amount of space item i occupies; v(i) =1; 
 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
location11      4.38 
location12      4.78 
location13      5.18 
location14      5.51 
location15      5.91 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
 location11       7.75 
location12       7.87 
location13       8.01 
location14       8.16 
location15       8.34 
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 h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May 
item1 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 
 
 c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May 
item1 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 
 
u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May 
item1 4.50 14.50 24.50 34.50 44.50 
item2 4.50 14.50 24.50 34.50 44.50 
item3 4.50 14.50 24.50 34.50 44.50 
item4 4.50 14.50 24.50 34.50 44.50 
item5 4.50 14.50 24.50 34.50 44.50 
    
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May 
item1 3 3 3 3 3 
item2 2 2 2 2 2 
item3 1 2 1 2 1 
item4 2 2 2 2 2 
item5 1 1 1 1 1 
 
M Production capacity per period /5/ 
Table 4.4: Test Parameters 5 items, 15 storage locations, and 5 time periods 
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The next set of test parameters increased the number of time periods from 5 time 
periods to 6 time periods. This was done to see the effect of the increased number of time 
periods on the solution time, nodes, and number of iterations. In Table 4.5 below are the 
test parameters.  
Model: 5 items, 10 locations, 6 periods   
Base model 
 
Parameters   
 
f(t)  :   Key production resource ; f(t) =10    
r(l)  :   The cost of reserving storage location l; r(l) =10; 
v(i)  :   The amount of space item i occupies; v(i) =1; 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
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h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May Jun 
item1 2.94 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 2.94 
 
c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 6.24 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 6.73 
 
 
u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 4.50 4.50 4.50 4.50 4.50 4.50 
item2 6.00 6.00 6.00 6.00 6.00 6.00 
item3 15.00 15.00 15.00 15.00 15.00 15.00 
item4 6.00 6.00 6.00 6.00 6.00 6.00 
item5 4.50 4.50 4.50 4.50 4.50 4.50 
     
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 3 3 3 3 3 2 
item2 2 2 2 2 2 1 
item3 1 2 1 2 1 2 
item4 2 2 2 2 2 2 
item5 1 1 1 1 1 1 
 
M Production capacity per period /5/; 
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Table 4.5: Test Parameters 5 items, 15 storage locations, and 5 time periods 
The next set of test parameters increased the number of items from 5 items to 6 items. 
This was done to see the effect of the increased number of items on the solution time, 
nodes, and number of iterations. In Table 4.6 below are the test parameters.  
Model: 6 items, 10 locations, 5 periods     
 
Parameters 
 
f(t)  :   key production resource ; f(t) =10    
r(l)  :   The cost of reserving storage location l; r(l) =10; 
v(i)  :   The amount of space item i occupies; v(i) =1; 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
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 h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May 
item1 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 
item6 2.94 2.94 2.94 2.94 2.94 
 
 c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May 
item1 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 
item6 6.13 6.13 6.13 6.13 6.13 
  
u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May 
item1 4.50 14.50 24.50 34.50 44.50 
item2 4.50 14.50 24.50 34.50 44.50 
item3 4.50 14.50 24.50 34.50 44.50 
item4 4.50 14.50 24.50 34.50 44.50 
item5 4.50 14.50 24.50 34.50 44.50 
item6 4.50 14.50 24.50 34.50 44.50 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May 
item1 3 2 3 3 3 
item2 2 2 2 2 2 
item3 2 2 2 2 2 
item4 1 1 1 1 1 
item5 1 1 1 1 1 
item6 1 1 1 1 1 
 
M Production capacity per period /5/; 
Table 4.6: Test Parameters for 6 items, 10 storage locations, 5 periods 
The next set of test parameters were the test parameters for a small scale test of the 
model for a very small warehouse where 10 items were produced in the warehouse, there 
were 25 storage locations and the problem was examined for 6 time periods. In Table 4.7 
below are the test parameters.  
Model: 10items, 25 locations, 6 periods     
  
Parameters 
f(t)  :   Key production resource ; f(t) =25    
r(l)  :   The cost of reserving storage location l; r(l) =10; 
v(i)  :   The amount of space item i occupies; v(i) =1; 
 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
location11      4.38 
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location12      4.78 
location13      5.18 
location14      5.51 
location15      5.91 
location16       6.11 
location17       4.72 
location18       5.11 
location19       5.52 
location20       5.91 
location21       6.32 
location22       6.72 
location23       5.11 
location24       5.51 
location25       5.91 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
location11       7.75 
location12       7.87 
location13       8.01 
location14       8.16 
location15       8.34 
location16        8.52 
location17        7.37 
location18        7.49 
location19        7.64 
location20        7.8 
location21        7.98 
location22        8.18 
location23        6.99 
location24        7.12 
location25        7.27 
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 h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May Jun 
item1 2.94 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 2.94 
item4 2.94 2.94 2.94 2.94 2.94 2.94 
item5 2.94 2.94 2.94 2.94 2.94 2.94 
item6 2.94 2.94 2.94 2.94 2.94 2.94 
item7 2.94 2.94 2.94 2.94 2.94 2.94 
item8 2.94 2.94 2.94 2.94 2.94 2.94 
item9 2.94 2.94 2.94 2.94 2.94 2.94 
item10 2.94 2.94 2.94 2.94 2.94 2.94 
 
 c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 6.24 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 6.73 
item6 6.13 6.13 6.13 6.13 6.13 6.13 
item7 6.11 6.11 6.11 6.11 6.11 6.11 
item8 7.23 7.23 7.23 7.23 7.23 7.23 
item9 6.02 6.02 6.02 6.02 6.02 6.02 
item10 6.56 6.56 6.56 6.56 6.56 6.56 
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u(i,t) The set up cost of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 4.50 4.50 4.50 4.50 4.50 24.50 
item2 4.50 4.50 4.50 4.50 4.50 24.50 
item3 6.00 6.00 6.00 6.00 6.00 6.00 
item4 6.00 6.00 6.00 6.00 6.00 6.00 
item5 15.00 15.00 15.00 15.00 15.00 15.00 
item6 15.00 15.00 15.00 15.00 15.00 15.00 
item7 4.50 4.50 4.50 4.50 4.50 24.50 
item8 6.00 6.00 6.00 6.00 6.00 6.00 
item9 15.00 15.00 15.00 15.00 15.00 15.00 
item10 15.00 15.00 15.00 15.00 15.00 15.00 
   
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun 
item1 1 2 3 2 3 2 
item2 1 2 2 1 1 2 
item3 2 2 2 2 1 2 
item4 2 1 2 3 1 4 
item5 2 1 1 2 1 2 
item6 1 1 1 1 1 1 
item7 5 2 1 4 3 2 
item8 2 1 2 1 2 2 
item9 1 2 1 1 2 1 
item10 1 2 1 2 1 2 
 
M Production capacity per period /4/; 
Table 4.7: 10 items, 25 storage locations, and 6 time periods 
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All of the parameters found in above tables were put into GAMS and solved using the 
Cplex Interactive Optimizer, the results along with a discussion of the small scale tests 
are found in Chapter 5. 
4.3.2 Medium Scale Test Parameters 
To test the problem on a larger scale, medium size test parameters were used. At this 
level the data more closely resembles industrial production warehouses. For the medium 
scale problems that were tested, the input data regarding the number of items, time 
periods, and storage locations were given. This data was taken by using some of the data 
gathered at Dainty as well as the random integer value generator function found in 
Microsoft excel.  The parameter sets for the medium scale test problems were 25 and 50 
items, 8 and 12 periods, and 75 and 233 locations. The input data for the models tested 
are found in Appendix A.    
4.3.3 Large Scale Test Parameters 
Large scale test parameters were also applied to the mathematical model proposed in 
this thesis.  This was done to model the industrial problem for production warehouses 
where this model would be applied. At this level the data closely resembled the situation 
at Dainty Foods, however minor changes had to be made to fit the assumptions of the 
model.  For example the demand for each product had to be altered so that the demand 
did not exceed the available number of storage locations available in the dedicated 
storage policy.  The parameter set for the large scale test problems was 153 items, 12 
periods, and 813 storage locations. This large scale input data demonstrated the 
application of this model to other general production warehouses. Due to the length of the 
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input parameters for the large scale problem the input parameters are found in Appendix 
A.  
GAMS and Cplex were used to solve small, medium and large problem instances, 
and for the large scale models the model was broken into smaller problems according to 
requests made by the Industrial partner. Below is the procedure that was used to solve the 
large test instance and how it was broken down into sub problems.  
 1: The items were divided into groups based on the production line that they were 
produced on. Due to the large volume of items on the production lines, demand, and 
setup costs the lines were then divided again into equal groups.  
 2: The demand for each item within the group was examined to find the maximum 
amount of demand required for each item 
3: That maximum demand for each item became the number of storage locations that 
were required to be assigned to each specific item 
4: Once the number of storage locations required for each item had been determined, the 
number of storage locations assigned to each item in a group was added together.   
5: The storage locations were distributed so that the first group of items (sub problem 1) 
received from storage location 1 to storage location L which covered the sum of all the 
storage locations required by the sub problem. And then the next group starts at the 
following storage location. For example, sub problem 1 containing items 1 to 5, requires 
26 storage locations based on the maximum demand for each item. Therefore sub 
problem one is assigned storage locations 1 through 26. Then the remaining locations 
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storage locations are available for use by the other sub problems with sub problem two 
starting with location 27 available. Next is an example on how this works 
 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Zil 
Storage 
Locations 
Item1 5 4 6 3 5 6 5 4 4 4 4 4 6 
1 to 26 
Item2 3 2 4 3 3 4 3 3 3 3 3 3 4 
Item3 5 4 7 4 6 8 5 5 5 5 5 5 8 
Item4 6 3 7 4 6 7 5 5 5 5 5 5 7 
Item5 1 1 1 1 1 1 1 1 1 1 1 1 1 
             
26 
 
               
 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Zil 
Storage 
Locations 
Item6 1 1 1 1 1 1 1 1 1 1 1 1 1 
27 to 34 
Item7 1 1 1 1 1 1 1 1 1 1 1 1 1 
Item8 1 1 2 1 2 2 2 1 1 1 1 1 2 
Item9 2 1 2 2 2 3 2 2 2 2 2 2 3 
Item10 1 1 1 1 1 1 1 1 1 1 1 1 1 
             
8 
 
               
 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Zil 
Storage 
Locations 
Item11 1 1 1 1 1 1 1 1 1 1 1 1 1 
35 to 38 
Item12 1 1 1 1 1 1 1 1 1 1 1 1 1 
Item13 0 0 0 0 0 0 0 0 0 0 0 0 0 
Item14 0 1 0 0 0 0 1 0 1 0 1 0 1 
Item15 1 0 0 0 0 0 1 1 1 1 1 1 1 
       
… 
     
4 
 
 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Zil 
Storage 
Locations 
Item151 5 1 2 1 2 4 2 0 2 2 4 2 5 
800 to 813 Item152 2 1 2 1 2 4 2 0 2 2 4 2 4 
Item153 3 1 3 1 2 4 2 0 2 2 4 2 4 
                                                                                                                13 
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6: Once each group along with the required number of storage locations has been 
determined the demand, costs, and all of the constraints can be written in GAMS 
modeling language and solved using a Cplex solver.  
The results of the large test instance are found in Appendix B and are discussed in the 
next chapter along with the results of the other test instances.  
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Chapter 5: Computational Results and Analysis 
 This chapter analyzed the results found from the mathematical model when 
modelled in GAMS and solved using the Cplex optimization solver.  Several problem 
instances have been solved to see how the solver and model reacted under different 
circumstances. This chapter is broken into the following sections: Small scale test results, 
and then the results for the medium and large scale problems, a sensitivity analysis 
followed by a discussion. 
5.1 Small Scale Test Results  
Small scale tests models were conducted to demonstrate how the mathematical model 
decided what to produce each period, how many locations to assign to each item, where 
the items were to be located and retrieved from, and how much of each item should be 
inventoried over a specified time horizon. The problem instances that were solved on the 
small scale can be found in table 5.1. In the small scale test models the changes were 
made to the parameters to see how the changes effected computational time, the number 
of variables and number of iterations to solve the model. The results are recorded and 
analyzed within this section. 
Test Models 
Small Scale 
- 5 items, 10 storage locations, 5 periods (Base Model) 
- 5 items, 10 storage locations,  5 periods (Scaled industrial problem) 
- 5 items, 12 storage locations, 5 periods (Increased number to storage locations) 
- 5 items, 10 storage locations, 6 periods (Increased the number of time periods) 
- 6 items, 10 storage locations, 5 periods (Increased the number of items) 
- 10 items, 25 storage locations, 6 periods (Small Industrial Problem) 
Table 5.1 Small Scale Test Instances  
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The first test problem consisted of 5 items with varying demands, 10 storage locations 
where the items could be placed, and retrieved from once they were produced and 
demanded, and this was to occur over 5 time periods. The input parameters for this model 
are found in Chapter 4. The results were found using GAMS/Cplex optimization 
software, Table 5.2 contains the results.  
Model: 5 items, 10 storage locations, 5 periods 
Objective Value: $1130.31 
Variables:876 
CPU Time: 0.98 sec 
Iterations: 2650 
Nodes: 4 
 
Production x(i,t) : When and how much of each item was  produced,  
 Jan Feb Mar Apr May 
Item1 3 3 3 3 3 
Item2 2 2 2 2 2 
Item3 1 2 1 2 1 
Item4 2 2 2 2 2 
Item5 1 1 1 1 1 
 
Set up y (i,t): When the production area was set up the produce each item 
 Jan Feb Mar Apr May 
Item1 1 1 1 1 1 
Item2 1 1 1 1 1 
Item3 1 1 1 1 1 
Item4 1 1 1 1 1 
Item5 1 1 1 1 1 
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Reserved Locations z(i,l): Identifies which locations were reserved for each product 
 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 
Item1 1 1 - - 1 - - - - - 
Item2 - - - - - 1 1 - - - 
Item3 - - - - - - - 1 - 1 
Item4 - - - 1 - - - - 1 - 
Item5 - - 1 - - - - - - - 
 
Item Placement w(i,l,t): storage locations that items were placed in during each period 
 Jan Feb Mar Apr May 
Item1.L1 1 1 1 1 1 
Item1.L2 1 1 1 1 1 
Item1.L5 1 1 1 1 1 
Item2.L6 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item3.L8 1 1 1 1 1 
Item3.L10 - 1 - 1 - 
Item4.L4 1 1 1 1 1 
Item4.L9 1 1 1 1 1 
Item5.L6 1 1 1 1 1 
 
Item Retrieval q(i,l,t) : The storage locations that items were retrieved from each period 
 Jan Feb Mar Apr May 
Item1.L1 1 1 1 1 1 
Item1.L2 1 1 1 1 1 
Item1.L5 1 1 1 1 1 
Item2.L6 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item3.L8 1 1 1 1 1 
Item3.L10 - 1 - 1 - 
Item4.L4 1 1 1 1 1 
Item4.L9 1 1 1 1 1 
Item5.L6 1 1 1 1 1 
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Inventoried storage location n(i,l,t) : The storage locations used for items 
 
All values of  n(i,l,t) =0 
 
End of period Inventory s(i,t): The number of items left in inventory at the end of period t 
 
All values of  s(i,t) =0 
Table 5.2 Results of test problem with 5 items, 10 storage locations, and 5 periods 
This problem was model in GAMS and it only required 0.98 sec of CPU time for the 
Cplex solver to find an optimal solution. This model demonstrated how the model 
worked, and provided an idea of what was expected from future test parameters. In this 
specific problem because the restrictions on production were not forced no items were 
inventoried. This occurred because production was equal to demand every period. This 
does not mirror an industrial problem and this was due to the fact that all of the limiting 
factors that create inventory that occur within a warehouse were not accounted for in the 
formulation of the model.  
In the next test model, which also contained 5 item, 10 storage locations, and 5 time 
periods, the constraints on production were tightened by limiting production capacity per 
period, changing the demand and increasing the cost of setup each time period, table 5.3 
has the results of this test model.   
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Model: 5items, 10 locations, 5 periods (Forced Inventory)   
Changes: Demand differs from the based model, production constraints were forced, , 
and set up costs are exaggerated  
 
Objective Value: $1087.44 
Variables:876 
CPU Time: 0.13 sec 
Iterations: 1551 
Nodes: 0  
 
Production x(i,t) : When and how much of each item was  produced,  
 Jan Feb Mar Apr May 
Item1 2 2 1 2 2 
Item2 2 0 2 0 1 
Item3 1 2 1 2 1 
Item4 2 2 0 0 2 
Item5 1 0 1 0 0 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May 
Item1 1 1 1 1 1 
Item2 1 - 1 - 1 
Item3 1 1 1 1 1 
Item4 1 1 - - 1 
Item5 1 - 1 - - 
 
Reserved Locations z(i,l) : Identifies which locations were reserved for each product 
 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 
Item1 - - 1 - - 1 1 - - - 
Item2 - 1 - - - - - - 1 - 
Item3 1 - - 1 - - - - - - 
Item4 - 1 - - - - - 1 - - 
Item5 - - - 1 - - - - - - 
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Item Placement w(i,l,t) : The storage locations that items were placed in during each 
period 
 Jan Feb Mar Apr May 
Item1.L3 1 - - 1 1 
Item1.L5 - 1 - 1 - 
Item1.L6 1 1 1 - 1 
Item2.L2 1 - 1 - 1 
Item2.L9 1 - 1 - - 
Item3.L1 1 1 1 1 1 
Item3.L4 - 1 - 1 - 
Item4.L7 1 1 - - 1 
Item4.L8 1 1 - - 1 
Item5.L10 1 - 1 - - 
 
Item Retrieval q(i,l,t) : The storage locations that items were retrieved from each period 
 Jan Feb Mar Apr May 
Item1.L3 - 1 - 1 1 
Item1.L5 - 1 - - 1 
Item1.L6 1 1 - 1 1 
Item2.L2 - 1 - 1 1 
Item2.L9 - 1 - 1 - 
Item3.L1 1 1 1 1 1 
Item3.L4 - 1 - 1 - 
Item4.L7 1 - - 1 1 
Item4.L8 1 - - 1 1 
Item5.L10 - 1 - 1 - 
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Inventoried storage location n(i,l,t) : The storage locations used  
 Jan Feb Mar Apr May 
Item1.L3 1 - - - - 
Item1.L5 - - - 1 - 
Item1.L6 - - 1 - - 
Item2.L2 1 - 1 - - 
Item2.L9 1 - 1 - - 
Item4.L7 - 1 1 - - 
Item4.L8 - 1 1 - - 
Item5.L10 1 - 1 - - 
 
End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 Jan Feb Mar Apr 
Item1 1 - 1 1 
Item2 2 - 2 - 
Item4 - 2 2 - 
Item5 1 - 1 - 
 
Table 5.3 Results for test problem with 5 items, 10 storage locations, 5 periods with 
forced inventory 
 
From this model it was observed that changing demand, that forcing constraint 15 as 
well as increasing the setup costs created inventory every time period except for the last 
time period. This model closely resembled that of industrial problems where products 
were made ahead of time because only so many products could be made per time period 
either due to production limitations or the cost of machine setup was very high so 
products were run to minimize the number of setups.  
It should also be noted that while the objective value may have decreased this was 
attributed to the change in demand for the items, limiting the number of setups, and also 
the cost of inventorying items. The number of setup went from 25 setups in the base 
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model to 17 setups in the forced inventory model, and while no items were inventoried in 
the base model, 4 items were inventoried accounting for 13 units for the forced inventory 
model.   
In the next test model, which contained 5 item, 15 storage locations, and 5 time 
periods, the number of storage locations were increased. It should be noted that demand 
was kept the same as the base model, as well as the setup costs increased per time period 
based on the problem with forced inventory, so that items would be inventoried in a 
similar manner to an industrial situation. While the number of storage locations were 
increased, this model was still able to be solved using GAMS/Cplex and the results are in 
table 5.4. 
Model: 5 items, 15 storage locations, 5 periods 
Objective Value: $1371.85 
Variables:1276 
CPU Time: 27.17 sec 
Iterations: 90131 
Nodes: 846 
 
Production x(i,t) : When and how much of each item was  produced  
 Jan Feb Mar Apr May 
Item1 3 3 3 3 3 
Item2 2 2 2 2 2 
Item3 1 3 0 3 0 
Item4 2 4 0 4 0 
Item5 2 0 3 0 0 
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Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May 
Item1 1 1 1 1 1 
Item2 1 1 1 1 1 
Item3 1 1 - 1 - 
Item4 1 1 - 1 - 
Item5 1 - 1 - - 
 
Reserved Locations z(i,l) : Identifies which locations were reserved for each product 
 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 L15 
Item1 1 1    1          
Item2       1    1     
Item3     1    1   1    
Item4   1     1     1 1  
Item5    1      1     1 
 
Item Placement w(i,l,t) : The storage locations that items were placed in during each 
period 
 Jan Feb Mar Apr May 
Item1.L1 1 1 1 1 1 
Item1.L2 1 1 1 1 1 
Item1.L6 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item2.L11 1 1 1 1 1 
Item3.L5 - 1 - 1 - 
Item3.L9 - 1 - 1 - 
Item3.L12 1 1 - 1 - 
Item4.L3 1 1 - 1 - 
Item4.L8 1 1 - 1 - 
Item4.L13 - 1 - 1 - 
Item4.L14 - 1 - 1 - 
Item5.L4 1 - 1 - - 
Item5.L10 1 - 1 - - 
Item5.L15 - - 1 - - 
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Item Retrieval q(i,l,t) : The storage locations that items were retrieved from each period 
 Jan Feb Mar Apr May 
Item1.L1 1 1 1 1 1 
Item1.L2 1 1 1 1 1 
Item1.L6 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item2.L11 1 1 1 1 1 
Item3.L5 - - 1 1 - 
Item3.L9 - 1 - - 1 
Item3.L12 1 1 - 1 - 
Item4.L3 1 1 - - 1 
Item4.L8 1 1 - - 1 
Item4.L13 - - 1 1 - 
Item4.L14 - - 1 1 - 
Item5.L4 - 1 1 - - 
Item5.L10 1 - - - 1 
Item5.L15 - - - 1 - 
 
Inventoried storage location n(i,l,t) : The storage locations used  
 Jan Feb Mar Apr May 
Item3.L5 - 1 - - - 
Item4.L3 - - - 1 - 
Item4.L8 - - - 1 - 
Item4.L13 - 1 - - - 
Item4.L14 - 1 - - - 
Item5.L4 1 - - - - 
Item5.L10 - - 1 1 - 
Item5.L15 - - 1 - - 
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End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 Jan Feb Mar Apr 
Item3 - 1 - 1 
Item4 - 2 - 2 
Item5 - - 2 1 
 
Table 5.4 Results for test problem with 5 items, 15 storage locations, 5 periods  
When the solution was found it was observed that even though all of the storage 
locations were not needed, the locations were reserved by items so that products could be 
inventoried. Because of the extra storage locations, items were reserving as many storage 
locations as possible so that they would have the available storage space to inventory 
items.   
It was also observed that increasing the number of storage locations along with 
having higher setup costs each time periods, increased the objective value, the number of 
variables, increased the CPU time, dramatically increased the number of iterations, and 
increased the number of nodes. So it is expected that as the number of storage locations 
increase with the larger scale test problems, and with setup costs increasing, the amount 
of time that it takes to solve a problem will increase, along with the number of iterations.  
The next test model contained 5 items, 10 storage locations, and 6 time periods, the 
number of time periods was increased by 1.  It should be noted that demand was kept the 
same for the first 5 periods with the addition of demand for one extra period. The input 
parameters for this model can be found in Chapter 4. The setup costs increased per time 
period based on the problem with forced inventory.  The solutions found in table 5.5 are 
the results of this test problem.  
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Model: 5 items, 10 storage locations, 6 periods 
 
Objective Value: $1989.30 
Variables:1041 
CPU Time: 7.74 sec 
Iterations: 6753 
Nodes: 59 
 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May Jun 
Item1 3 3 3 3 3 2 
Item2 2 2 2 2 2 1 
Item3 1 2 1 2 1 2 
Item4 2 2 2 2 2 2 
Item5 1 1 1 1 1 1 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May Jun 
Item1 1 1 1 1 1 1 
Item2 1 1 1 1 1 1 
Item3 1 1 1 1 1 1 
Item4 1 1 1 1 1 1 
Item5 1 1 1 1 1 1 
 
 
Reserved Locations z(i,l) : Identifies which locations were reserved for each product 
 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 
Item1 1 - 1 - - - - - 1 - 
Item2 - - - - 1 1 - - - - 
Item3 - 1 - - - - - - - 1 
Item4 - - - 1 - - 1 - - - 
Item5 - - - - - - - - 1 - 
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Item Placement w(i,l,t) : The storage locations that items were placed in during each 
period 
 Jan Feb Mar Apr May Jun 
Item1.L1 1 1 1 1 1 1 
Item1.L3 1 1 1 1 1 1 
Item1.L9 1 1 1 1 1 - 
Item2.L5 1 1 1 1 1 - 
Item2.L6 1 1 1 1 1 1 
Item3.L2 1 1 1 1 1 1 
Item3.L10 - 1 - 1 - 1 
Item4.L4 1 1 1 1 1 1 
Item4.L7 1 1 1 1 1 1 
Item5.L8 1 1 1 1 1 1 
 
Item Retrieval q(i,l,t) : The storage locations that items were retrieved from each period 
 Jan Feb Mar Apr May Jun 
Item1.L1 1 1 1 1 1 1 
Item1.L3 1 1 1 1 1 1 
Item1.L9 1 1 1 1 1 - 
Item2.L5 1 1 1 1 1 - 
Item2.L6 1 1 1 1 1 1 
Item3.L2 1 1 1 1 1 1 
Item3.L10 - 1 - 1 - 1 
Item4.L4 1 1 1 1 1 1 
Item4.L7 1 1 1 1 1 1 
Item5.L8 1 1 1 1 1 1 
 
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 
All values of n(i,l,t) =0 
 
End of period Inventory s(i,t) : The number of items inventoried at the end of period t 
All values of s(i,t) =0 
 
Table 5.5 Results for test problem with 5 items, 10 storage locations, 6 time periods  
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This solution did not provide much change to the base model other than there was 
another period of demand, requiring more handling of products. So costs increased, 
however the CPU time barely increased, neither did the number of nodes visited. The 
increased setup costs did not create any inventory because there were no empty locations 
based on demand every period.  
It was concluded that when an extra period was added to the test instance with no 
drastic change in the demand from the previous periods there is not much change in how 
products were to be laid out in the warehouse and the only major increase was\ in the 
number of products produced and the handling required for those items.  
The next test model contained 6 item, 10 storage locations, and 5 time periods, where 
the number of items was increased by 1. The demand was changed so that the demand for 
all 6 items did not exceed the amount of available storage locations.  The setup costs 
increased per time period based on the problem with forced inventory.  Listed in table 5.6 
are the results of this test problem.  
Model: 6 items, 10 storage locations, 5 periods 
 
Objective Value: $1723.86 
Variables:1051 
CPU Time: 9.97 sec 
Iterations: 13009 
Nodes:160 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May 
Item1 3 2 3 3 3 
Item2 2 2 2 2 2 
Item3 2 2 2 2 2 
Item4 1 1 1 1 1 
Item5 1 1 1 1 1 
Item6 1 1 1 1 1 
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Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May 
Item1 1 1 1 1 1 
Item2 1 1 1 1 1 
Item3 1 1 1 1 1 
Item4 1 1 1 1 1 
Item5 1 1 1 1 1 
Item6 1 1 1 1 1 
 
Reserved Locations z(i,l) : Identifies which locations were reserved for each product 
 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 
Item1 - - - 1 - - - 1 - 1 
Item2 - - - - 1 - 1 - - - 
Item3 - 1 - - - - - - 1 - 
Item4 - - 1 - - - - - - - 
Item5 - - - - - 1 - - - - 
Item6 1 - - - - - - - - - 
 
Item Placement w(i,l,t) : The storage locations that items were placed in during each 
period 
 Jan Feb Mar Apr May 
Item1.L4 1 1 1 1 1 
Item1.L8 1 1 1 1 1 
Item1.L10 1 - 1 1 1 
Item2.L5 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item3.L2 1 1 1 1 1 
Item3.L9 1 1 1 1 1 
Item4.L3 1 1 1 1 1 
Item5.L6 1 1 1 1 1 
Item6.L1 1 1 1 1 1 
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Item Retrieval q(i,l,t) : The storage locations that items were retrieved from each period 
 Jan Feb Mar Apr May 
Item1.L4 1 1 1 1 1 
Item1.L8 1 1 1 1 1 
Item1.L10 1 - 1 1 1 
Item2.L5 1 1 1 1 1 
Item2.L7 1 1 1 1 1 
Item3.L2 1 1 1 1 1 
Item3.L9 1 1 1 1 1 
Item4.L3 1 1 1 1 1 
Item5.L6 1 1 1 1 1 
Item6.L1 1 1 1 1 1 
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 
All values of n(i,l,t) =0 
 
End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 
There is no inventory, all s(i,t) =0 
 
 
Table 5.6 Results for test problem with 6 items, 10 storage locations, 5 time periods  
Due to the change in demand with the addition of another item, it was more optimal 
to produce in the periods that the product was requested because doing so did not violate 
any constraints, or add any additional costs. So when all of the items can be produced just 
in time to meet demand no inventory was created. . This model demonstrated that how 
much of an item was demanded during a given time period had a great impact on how the 
model worked and as to whether or not any products would be inventoried.   
The next test model contained 10 items, 25 storage locations, and 6 time periods. This 
model represented a small scale production warehouse. The input data was taken from the 
actual data gathered during the internship at Dainty Foods, and the numbers were scaled 
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to fit into a small model. Demand and set up costs varied per item, the production 
capacity constraint was enforced and it was assumed that there were enough storage 
locations for all of the items being produced each time period. GAMS/Cplex was able to 
solve this problem and the results are summarized in the table below.  
Model: 10 items, 25 storage locations, 6 periods 
 
Objective Value: $1711.43 
Variables:1051 
CPU Time: 61.27 sec 
Iterations: 25821 
Nodes:145 
 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May Jun 
Item1 1 2 3 2 3 2 
Item2 1 2 2 2 0 2 
Item3 2 2 2 2 1 2 
Item4 3 0 2 4 0 4 
Item5 2 2 0 2 1 2 
Item6 1 1 1 1 1 1 
Item7 2 3 0 4 4 4 
Item8 2 1 2 1 2 2 
Item9 1 2 2 0 2 1 
Item10 1 2 1 2 1 2 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May Jun 
Item1 1 1 1 1 1 1 
Item2 1 1 1 1 0 1 
Item3 1 1 1 1 1 1 
Item4 1 0 1 1 0 1 
Item5 1 1 0 1 1 1 
Item6 1 1 1 1 1 1 
Item7 1 1 0 1 1 1 
Item8 1 1 1 1 1 1 
Item9 1 1 1 0 1 1 
Item10 1 1 1 1 1 1 
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Reserved Locations z(i,l): Identifies which locations have been reserved for each product 
 Locations 
Item1 2,16,23 
Item2 18,19 
Item3 3,17 
Item4 13,14,20,21 
Item5 7,9 
Item6 6 
Item7 4,8,12,15,22 
Item8 1,25 
Item9 5,24 
Item10 10,11 
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 Jan Feb Mar Apr May 
Item2.L18 - - - 1 - 
Item4.L13 1 - - - - 
Item4.L14 - - - 1 - 
Item5.L9 - 1 - - - 
Item7.L12 - 1 - - - 
Item7.L22 - - - - 1 
Item9.L5 - - 1 - - 
 
 
End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 Jan Feb Mar Apr May 
Item2 - - - 1 - 
Item4 1 - - 1 - 
Item5 - 1 - - - 
Item7 - 1 - - 1 
Item9 - - 1 - - 
 
Table 5.7 Results for test problem with 10 items, 25 locations, 6 time periods  
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This problem was solved using GAMS/Cplex and a solution was found in reasonable 
time. Demonstrating that the model works for small size test problems, showing how the 
model creates inventory when production constraints are enforced. All of the locations 
were assigned to products and seven items were inventoried. This model did not 
demonstrate any problems that would be of concern for larger models.  In the next section 
larger scale test model results are reported.   
5.2 Medium Scale Test Results 
To test the model on a larger scale medium size test parameters were used. At this 
level the data more closely resemble industrial problems. For the medium scale problems 
that were tested, the input data regarding the number of items, periods, and storage 
locations were given in chapter 4. This data was taken by using the data gathered at 
Dainty.  The range of the parameter sets for the medium scale test problems ranged from 
25-50 items, 8-12 periods, and 65-233 storage locations. The models tested are found in 
table 5.8. 
 
Test Models 
Medium Scale 
- 25 items, 65 storage locations, 8 periods  
- 50 items, 233 storage locations, 12 periods  
Table 5.8 Medium Scale Test Instances  
The first medium problem tested consisted of 25 items, 65 storage locations over 8 
periods. This problem was modeled and solved using GAMS/Cplex optimization 
software, the results of the model are found in table 5.9.  
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Model: 25 items, 65 storage locations, 8 periods 
 
Objective Value: $6784.46 
Variables:41226 
CPU Time: 7818.24 sec 
Iterations: 1424195 
Nodes:4591 
 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1 1 4 3 0 3 0 0 3 
Item2 1 1 1 1 1 1 1 1 
Item3 0 0 0 0 0 0 0 0 
Item4 0 0 0 2 2 2 3 3 
Item5 1 6 6 6 6 5 5 3 
Item6 6 5 0 0 5 0 5 4 
Item7 0 0 0 0 0 0 0 3 
Item8 0 1 0 0 0 0 2 2 
Item9 0 0 0 0 1 1 0 0 
Item10 3 0 0 0 0 0 2 4 
Item11 0 0 0 0 0 0 0 0 
Item12 0 2 0 2 0 0 1 2 
Item13 0 0 1 0 0 0 0 0 
Item14 0 0 0 0 0 0 0 0 
Item15 3 5 1 3 6 6 3 3 
Item16 0 0 0 0 0 0 0 0 
Item17 1 1 1 1 1 1 1 1 
Item18 0 0 0 0 0 1 0 0 
Item19 0 4 3 3 3 2 4 0 
Item20 1 0 0 0 0 0 0 0 
Item21 0 0 0 0 1 0 0 0 
Item22 3 3 5 2 0 1 3 0 
Item23 0 0 0 0 0 0 0 0 
Item24 3 6 3 6 4 5 6 6 
Item25 6 5 6 3 4 4 3 2 
 
 
 
 
 
 
105 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1 1 1 1 1 1 1 1 1 
Item2 1 1 1 1 1 1 1 1 
Item3 - - - - - - - - 
Item4 - - - 1 1 1 1 1 
Item5 1 1 1 1 1 1 1 1 
Item6 1 1 - - 1 - 1 1 
Item7 - - - - - - - 1 
Item8 - 1 - - - - 1 1 
Item9 - - - - 1 1   
Item10 1 - - - - - 1 1 
Item11 - - - - - - - - 
Item12 - 1 - 1 - - 1 1 
Item13 - - 1 - - - - - 
Item14 - - - - - - - - 
Item15 1 1 1 1 1 1 1 1 
Item16 - - - - - - - - 
Item17 1 1 1 1 1 1 1 1 
Item18 - - - - - 1 - - 
Item19 - 1 1 1 1 1 1 - 
Item20 1 - - - - - - - 
Item21 - - - - 1 - - - 
Item22 1 1 1 1 - 1 1 - 
Item23 - - - - - - - - 
Item24 1 1 1 1 1 1 1 1 
Item25 1 1 1 1 1 1 1 1 
 
Reserved Locations z(i,l) : Identifies which locations have been reserved for each product 
 Locations  Locations 
Item1 3,4,14,16 Item14  
Item2 6 Item15 2,15,29,44,53,56 
Item3  Item16  
Item4 10,13,48 Item17 41 
Item5 7,18,20,23,28,36,65 Item18 52 
Item6 8,19,31,51,55,60 Item19 12,21,37,42 
Item7 34,45,46 Item20 64 
Item8 27,62 Item21 40 
Item9 33 Item22 22,25,30,49,57 
Item10 26,32,39,58 Item23  
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 Locations  Locations 
Item11  Item24 1,9,17,24,43,47 
Item12 38,61 Item25 5,11,35,50,54,59 
Item13 63   
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1.L3 - - 1 - - - - - 
Item1.L4 - - - - 1 1 - - 
Item1.L14 - - - - 1 - - - 
Item5.L28 - 1 1 - - - - - 
Item6.L8 - 1 1 - - - - - 
Item6.L31 - - - - 1 - - - 
Item6.L55 - 1 - - 1 - - - 
Item6.L60 - - - - 1 - - - 
Item10.L26 1 1 1 - - 1 - - 
Item10.L32 1 - - - - - - - 
Item12.L38 - - - 1 - - - - 
Item12.L61 - 1 - - - - - - 
Item22.L25 - - - 1 - - - - 
Item22.L49 - - - - - - 1 - 
 
End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 Jan Feb Mar Apr May Jun Jul 
Item1 - - 1 - 2 1 - 
Item5 - 1 1 - - - - 
Item6 - 2 1 - 3 - - 
Item10 2 1 1 - - 1 - 
Item12 - 1 - 1 - - - 
Item22 - - - 1 - - 1 
 
Table 5.9 Results of 25 items, 65 storage locations, 8 periods  
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The objective values for this problem was optimized using GAMS/Cplex and solution 
results were found. All of the storage locations were assigned and 15 different storage 
locations were used to store 21 different units over the 8 periods. The maximum 
inventory that was on hand at the end of the period was five, and never exceeded the 
amount of available storage locations.  When and where the inventory of each item would 
be stored is found in table 5.9.   
Because of the long solution time, the model was run given a time limit of an hour 
to see if a feasible solution could be found within the time limit. The results are displayed 
in the table below. 
Model: 25 items, 65 storage locations, 8 periods (1 hour time limit) 
 
Objective Value: $6796.88 
Variables:41226 
Time(sec): 3600.07 sec 
Iterations: 393026 
Nodes:809 
Percentage Gap:1.33% 
 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1 1 4 3 0 3 0 0 3 
Item2 1 1 1 1 1 1 1 1 
Item3 0 0 0 0 0 0 0 0 
Item4 0 0 0 2 2 2 3 3 
Item5 1 6 6 6 6 5 5 3 
Item6 6 5 0 0 5 0 5 4 
Item7 0 0 0 0 0 0 0 3 
Item8 0 1 0 0 0 0 2 2 
Item9 0 0 0 0 1 1 0 0 
Item10 4 0 0 0 0 0 1 4 
Item11 0 0 0 0 0 0 0 0 
Item12 0 2 0 2 0 0 1 2 
Item13 0 0 1 0 0 0 0 0 
Item14 0 0 0 0 0 0 0 0 
Item15 3 5 1 3 6 6 3 3 
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 Jan Feb Mar Apr May Jun Jul Aug 
Item16 0 0 0 0 0 0 0 0 
Item17 1 1 1 1 1 1 1 1 
Item18 0 0 0 0 0 1 0 0 
Item19 0 4 3 3 3 2 4 0 
Item20 1 0 0 0 0 0 0 0 
Item21 0 0 0 0 1 0 0 0 
Item22 3 3 5 1 2 0 3 0 
Item23 0 0 0 0 0 0 0 0 
Item24 3 6 3 6 4 5 6 6 
Item25 6 5 6 3 4 4 3 2 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1 1 1 1 1 1 1 1 1 
Item2 1 1 1 1 1 1 1 1 
Item3 - - - - - - - - 
Item4 - - - 1 1 1 1 1 
Item5 1 1 1 1 1 1 1 1 
Item6 1 1 - - 1 - 1 1 
Item7 - - - - - - - 1 
Item8 - 1 - - - - 1 1 
Item9 - - - - 1 1   
Item10 1 - - - - - 1 1 
Item11 - - - - - - - - 
Item12 - 1 - 1 - - 1 1 
Item13 - - 1 - - - - - 
Item14 - - - - - - - - 
Item15 1 1 1 1 1 1 1 1 
Item16 - - - - - - - - 
Item17 1 1 1 1 1 1 1 1 
Item18 - - - - - 1 - - 
Item19 - 1 1 1 1 1 1 - 
Item20 1 - - - - - - - 
Item21 - - - - 1 - - - 
Item22 1 1 1 1 1 - 1 - 
Item23 - - - - - - - - 
Item24 1 1 1 1 1 1 1 1 
Item25 1 1 1 1 1 1 1 1 
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Reserved Locations z(i,l) : Identifies which locations have been reserved for each product 
 Locations  Locations 
Item1 3,4,9,51 Item14  
Item2 29 Item15 2,6,20,21,50,53 
Item3  Item16  
Item4 33,49,54 Item17 41 
Item5 7,18,30,35,44,59,64 Item18 52 
Item6 19,22,31,43,60,61 Item19 12,15,42,48 
Item7 16,34,63 Item20 28 
Item8 38,45 Item21 57 
Item9 27 Item22 24,37,46,55,58 
Item10 5,10,39,56 Item23  
Item11  Item24 1,11,13,14,23,36 
Item12 8,32 Item25 17,25,26,47,62,65 
Item13 40   
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 Jan Feb Mar Apr May Jun Jul 
Item1.L3 - - 1 - - - - 
Item1.L4 - - - - 1 - - 
Item1.L9 - - - - 1 1 - 
Item5.L64 - 1 1 - - - - 
Item6.L19 - 1 1 - 1 - - 
Item6.L31 - - - - 1 - - 
Item6.L43 - - - - 1 - - 
Item6.L60 - 1 - - - - - 
Item10.L5 1 - - - - - - 
Item10.L10 1 1 1 1 1 - - 
Item10.L39 1 1 1 - - - - 
Item12.L32 - 1 - 1 - - - 
Item12.L62 - - - - 1 - - 
Item22.L37 - - - - 1 - - 
Item22.L55 - - - - - - 1 
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End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 Jan Feb Mar Apr May Jun Jul 
Item1 - - 1 - 2 1 - 
Item5 - 1 1 - - - - 
Item6 - 2 1 - 3 - - 
Item10 3 2 2 1 1 - - 
Item12 - 1 - 1 1 - - 
Item22 - - - - 1 - 1 
 
Table 5.10 Results of 25 items, 65 storage locations, 8 periods (1 hour time limit)  
 In one hour a feasible solution was found for the test instance with 25 items, 65 
storage locations and 8 periods. Both models reserved the same number of storage 
locations for each item, the different between the two models were the specific locations 
that were reserved by each item. For example in the optimal solution Item1 reserved 
locations 3,4,14 and 16, and in the feasible solution found in one hour Item1 reserved 
locations 3, 4, 9, and 51.  The other difference was the number of units that were 
inventoried. The optimal solution inventoried 21 different units for 6 items, and the 
feasible solution inventoried 25 items for the same 6 items.  
 In can be concluded that a feasible solution could be found within one hour of 
time for a model with 25 items, 65 storage locations over 8 time periods, and the 
difference would occur in the number of items that are inventoried. However since the 
optimal solution was not found in a reasonable time, the results for the optimal solution 
should be used.    
The next size medium problem consisted of 50 items, 233 storage locations over 
12 time periods. This problem was modeled using the GAMS modeling language and the 
Cplex software was used to solve the model. This model was run for 24 hours and an 
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optimal solution was not able to found, but a good feasible solution was found. The 
results of this solution can be found in Appendix B.   
The results state in what locations items would be inventoried, and what time 
period the item would be inventoried in and how much of each item would be 
inventoried. The maximum inventory that is on hand during a given period is during 
period 11 when 5 different items are inventoried accounting for 9 units of product.  It also 
has shown what locations have been assigned to each item. So within 24 hours a good 
feasible solution could be found with a 1.15 % gap, and because of the small percentage 
gap this solution would be considered acceptable due to the fact that finding an optimal 
solution would take more than 72 hours.   
Because of the long computational time for the model, the model was run for an 
hour to see if a feasible solution could be found. The results of the test are found in the 
table below.  
Model: 50 items, 233 storage locations, 12 periods (1 hour time limit) 
 
Objective Value: $194 837.67 
Variables:432851 
Time(sec): 3602.46 Sec 
Iterations: 583615 
Nodes: 0 
Percentage Gap:3.43% 
 
Production x(i,t) : When and how much of each item was  produced 
 
Production was equal to the demand and the values for the demand are found in appendix 
B 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 
The set up for each item occurred in every period that there was demand 
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Reserved Locations z(i,l) : Identifies which locations have been reserved for each product 
 
All locations were assigned to the 50 items 
 
Inventoried storage location n(i,l,t) : The storage locations used for inventoried items 
 
All values of n(i,l,t) =0 
 
End of period Inventory s(i,t) : The number of items left in inventory at the end of period 
t 
 
All values of s(i,t) =0 
 
Table 5.11 Results 50 items, 233 storage locations, 12 periods with 1 hour time limit 
Within the hour a feasible solution was found however no items were inventoried, 
everything was produced and moved in and out of the storage locations, in the same 
month that they were demanded.  The difference between the objective functions of the 
two models was $156.60, which was a small gap in comparison to the required 
computational time. However since no items were inventoried, this feasible solution does 
not closely resemble a practical industrial warehouse, but more of an ideal warehouse.  
In the next subsection the results of a larger scale test instance that models Dainty 
Foods was examined and discussed.   
5.3 Large Scale Test Results 
To test the model on an actual industrial problem, data was taken from the internship 
at Dainty Foods. The parameter sets for this large test instance are 153 items, 12 periods, 
and 813 storage locations. An attempt was made to solve the problem directly using 
GAMS/Cplex however due to the complexity of the model the solver ran out of memory 
before any feasible solution could be found. So the large scale test problem was broken 
down into sub problems as explained in section 4.3.3 based on how the industrial partner 
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suggested they would like them laid out in the warehouse. So based on the production 
lines items were broken down into sub problems. For example SP1a consisted of 8 items, 
30 storage locations over 12 time periods, and was solved using the Cplex solver.  A 
summary of the results for all of the sub problems for the large test instance are listed in 
table 5.12. 
 
Model:  153 items, 813 storage locations, 12 periods  
 
Objective Value: $459 991.84 
153 items, 813 storage locations, 12 periods 
Sub 
Problem 
Objective 
Function 
Variables Iterations Nodes Solution Time 
SP1a $5753.61 9169 21003 2 36.84 sec 
SP1b $8072.36 2453 7214 61 12.09 sec 
SP2a $10864.97 12129 2271273 6405 6997.49 sec 
SP2b $6766.23 12646 1402161 8406 3985.65 sec 
SP3a $49502.23 2441 147073 423 182.14 sec 
SP3b $95031.80 1553 3116 7 4.96 sec 
SP4a $9615.07 9059 40255 112 282.49 sec 
SP4b $7895.89 11539 687407 1797 2712.87 sec 
SP5a $20957.38 59557 5302953 10771 45508.57 sec 
SP5b $10381.93 10872 137938 749 739.37 sec 
SP5c $9913.26 5692 536969 4047 905.43 sec 
SP6a $9318.59 6801 202881 1170 537.68 sec 
SP6b $4141.19 5025 1364089 17976 1190.42 sec 
SP7a $57012.63 31519 188755 182 5448.10 sec 
SP7b $10110.84 5101 712970 3413 1795.02 sec 
SP8a $17335.23 11908 1429716 3253 5811.78 sec 
SP8b $11353.40 6652 323265 985 770.12 sec 
SP8c $10368.77 6987 124942 517 350.48 sec 
SP8d $7896.54 5174 4387784 11927 5156.82 sec 
SP9a $33677.45 886 3308 55 4.87 sec 
SP9b $41333.19 1035 4299 21 3.41 sec 
Sub 
Problem 
Objective 
Function 
Variables Iterations Nodes Solution Time 
SP10a $16197.22 9836 487611 1718 1579.97 sec 
SP10b $6492.06 7985 113942 1117 401.77 sec 
Total $459991.84 236019 19900924 75114 84418.34 sec 
 
Table 5.12 Results of Large Industrial Test Problem. 
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 The objective function for the industrial problem is $459, 991.84; this value 
represented the cost of producing and storing products according to the output of the 
model. The results show that 58 different items were inventoried over the 11 periods, to 
account for 356 storage locations of inventory.  
 The results in relation to the practical situation at Dainty Foods are similar in 
regard to the number of items and storage locations. The model differs from the practical 
situation at Dainty Foods, because of the type of storage assignment policy that is in 
place. Currently Dainty Foods is using a class based storage assignment policy based on 
production line, and the item turnover rate of each production line. In the model a 
dedicated storage assignment policy was used to assign products to storage locations.  
 The model was similar to Dainty Foods in regard to how the model was solved 
using sub problems. When the industrial warehouse was laid out using the class based 
storage assignment policy and turnover rates, the products were assigned specific sections 
of the warehouse based on how often the products were requested, and then changes were 
made based on warehouse management‟s suggestion. These same suggestions were taken 
into consideration when the items were solved in sub problems for the large scale test 
instance.  
 In regard to the solution value of the objective function, the pricing was 
reasonable based on the current storage and handling costs at Dainty Foods. This was true 
because the same numbers of storage locations were being used, and products have been 
assigned to storage locations based on their distance to the two dock door. However in 
the current situation at Dainty, the distance from the production line to the storage 
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locations was not considered, only the distance from the dock doors was considered, 
however since there are two dock doors it was similar in regard to the fact that more than 
one distance had to be considered when products were assigned to specific locations.  
The benefits of the model were its ability to coordinate production with 
warehouse layout, minimizing production costs, as well as inventory costs, and 
specifying where products should be stored to minimize costs of handling. The results 
found in Appendix B, are a breakdown of all the locations that are reserved, and what 
item they are reserved for. Also all of the items that have been inventoried along with the 
periods and locations that they have been inventoried in can be found in Appendix B.  
 A drawback of the model is that it does not account for all the constraints that 
arise in a production warehouse. For example, machine reliability, or human aspect of the 
process in regard to the forklift operators.  However, it was a good basis for future works 
in the area and is very promising.  
5.4 Sensitivity Analysis 
 The model works to always find the lowest costs, and in order to do that items are 
produced in previous periods so that they were inventoried with a lower costs. A 
sensitivity analysis was conducted based on the changes to the number of items, 
storage locations, time periods, changes in demand, setup costs, and inventory 
holding costs and evidence of the findings are summarized in Table 5.13 which 
demonstrates  how the model reacted.  
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 Test Instances 
 1 2 3 4 5 6 7 8 
items 5 5 5 5 6 10 25 50 
locations 10 10 15 10 10 25 65 233 
time 
periods 
5 5 5 6 5 6 8 12 
Objective 
Value 
1130.31 1087.44 1371.85 1989.3 1723.86 1711.43 6784.46 194681.07 
Nodes 4 0 846 59 160 145 4591 4 
Iterations 2650 1551 1276 6753 13009 25821 1424195 1196683 
Solution 
Time 
(sec) 
0.98 0.13 27.17 7.74 9.97 61.27 7818.24 86400.81 
items 5 5 5 5 6 10 25 50 
Table 5.13 Summarized Results of Test Instances 
Table 5.14 details the number of units produced, the number of set ups and the 
total number of items that were kept in inventory for the test instances and the results 
were graphed in figure 4. The results in figure 4 are for the small scale test instances, a 
visual of how the different changes and values affected the objective values is found in 
figure 5.  
  
Production 
(Units) 
Number of 
Set Up 
Inventory 
Level (Units) 
5 items, 10 locations, 5 periods (Base) 47 25 0 
5 items, 10 locations, 5 periods 
(Forced Inventory) 
25 18 13 
5 items, 15 locations, 5 periods  47 17 9 
5 items, 10 locations, 6 periods 55 30 0 
6 items, 10 locations, 5 periods 49 30 0 
10 items, 25 locations, 6 periods 105 54 7 
25 items, 65 locations, 8 periods 273 95 21 
25 items, 65 locations, 8 periods (1 
hour) 
273 95 26 
50 items, 233 locations, 12 periods 1668 449 50 
50 items, 233 locations, 12 periods (1 
hour) 
1668 461 0 
Table 5.14 Production, setup and inventory unit levels of test instances 
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Figure 4: Production, number of setups and inventory level for small test 
instances 
 
 
Figure 5: Small Test Instance Objective Value Comparison 
 
Comparing the results found shown in Figure 4 to the objective values found in figure 
5 it can be noted that the problem with the lowest production units, had the highest 
inventory and that was on account of forcing constraints to create inventory. Also looking 
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at the objective values alone is not enough because just increasing the demand alone 
would change the objective values.  
 
Figure 6: Small and Medium Objective Value Comparison 
 
The following are the conclusions of the analysis: 
- When the set up costs were increased over the different time periods, the amount 
of inventoried items increased. The higher setup costs made it cheaper to store 
items than to incur a setup cost. Evidence of this can be found by comparing the 
results of the small test instances found in table 5.2 and table 5.3. When set up 
costs were higher in later periods more items were inventoried, for instance when 
set up costs were not high there was no need for inventory and when setup costs 
were high 13 items were inventoried.  
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- Enforcing the production capacity constraint forces inventory by limiting the 
amount of an item that can be produced during a time period, forcing the model to 
produce in previous time periods to meet the demand of the current period. This 
can be found in the results of table 5.3, at most 2 items could be produced in a 
given time period because the value M = 2.   
- The addition of another item that has demand requirements when keeping the 
same number of storage locations, reduces the likelihood that other items will be 
inventoried because there are less storage locations that they can reserve. This 
was demonstrated in the results of table 5.6 where another item was added with 
the same amount of available storage locations.  
- Changing the demand of an item drastically changes production levels, and 
whether or not items were inventoried to meet the constraints of the model. When 
big waves in demand occur production always meets demand however items are 
inventoried when it is cheaper.  
- With the addition of storage locations, if there are more locations than the items 
demand, the model will reserve additional locations for each item so that the item 
can be inventoried when the cost is lower. This was demonstrated in the test 
instance with 5 items, 15 storage locations, and 5 periods. The demand was the 
same as the demand for the base model however extra locations were reserved so 
that items could be inventoried.  
- When the number of time periods was increased no changes were made to the 
number of items that were inventoried unless the demand was changed. In the 
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case that the demand was changed more handling costs were incurred. If the 
change in demand was drastic, then it creates instances when items could be 
inventoried at a lower cost.  This was demonstrated in the results found in table 
5.5, when there was an addition of an additional time period, and in this case there 
was demand in the last period.  
It can then be concluded that for this model inventorying items, setup costs, demand, 
available storage locations, and production constraints influence the results of the 
objective value which can be depicted in figures 4 and 5. It should also be noted that 
there was no significant difference in the reaction of the model with the addition of more 
items, storage locations, and time periods other than the fact that the objective function 
would have to increase with the additional costs.   
5.5 Remarks 
In closing, all of the tests provided insight into the abilities the model to 
determine how items should be produced and where they should be placed within a 
warehouse to reduce costs.  The tests also provided insight into how the model is solved 
by the GAMS modeling language and the Cplex optimization solver. It also pointed the 
out the need for a heuristic to solve larger scale models, and eventually an algorithm to 
improve computational time and the ability to find an optimal solution.  While the Cplex 
optimization solver ran out of memory for the Industrial Problem breaking the items into 
groups based on the suggestions of the company allowed the problem to be solved.   
 While the main focus of this thesis was to develop a model to combine production 
planning with warehouse layout, tests were conducted to solve the model. The model 
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developed in this thesis, along with the results has proven to be quite valuable in their 
ability to model an actual production warehouse, and how straight forward it would be to 
model a similar production warehouse.  
 In the next section the conclusion of the thesis can be found.  
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Chapter 6: Conclusions and Recommendations 
6.1 Conclusions 
This thesis developed a MIP model for the merger of a storage location 
assignment problem with a capacitated lot sizing problem, to model a production 
warehouse. The joint multi-item storage location assignment capacitated lot sizing 
problem determines when and how much of a product to produce, and then determines 
where to place the product in the warehouse based on a dedicated storage policy. Items 
were produced to minimize the costs of production, setup, storage, handling, and 
reserving space. This model was formulated and verified in Chapter 3 and Chapter 4.   
Several problem instances were solved with the ranges of 5 items to 153 items, 5 
periods to 12 periods, and 10 locations to 813 locations. All of the models were solved 
using the Cplex mixed integer programming optimization software and the results were 
recorded in Chapter 5. The largest of the problems had to be broken down into sub 
problems in order for Cplex to solve the model due to the amount of memory required to 
solve the problem.  
From the model that was developed and the solution approach the following can 
be concluded: 
- A problem that combined the storage location assignment problem with the 
capacitated lot sizing problem was developed and was  applicable to industrial 
production warehouses  
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- The model developed could be applied to small, medium, and large scale 
production warehouses  
- While the large scale instances could not be solved using the Cplex 
optimization solver directly, the problems was broken into sub problems and 
solved.  
- High setup costs required longer computational times because of the search 
required by the solver 
- Regardless of the solution approach computational time will vary based on the 
number of items, the variation of demand over the time horizon, setup costs, a 
variety of production constraints.  
The overall benefits of the model were its ability to coordinate production 
planning with warehouse layout, minimizing production costs, as well as inventory costs, 
and specifying where products should be stored to minimize costs of storage and 
handling. All of these costs were significant in a warehouse and a model to minimize the 
costs, had practical application to industrial problems.  
A drawback of the model was that it does not account for all the constraints that arose 
in a production warehouse. For example, machine reliability, or human aspect of the 
process, such as the forklift operator.  However, it was a good basis for future works in 
coordinating warehouse layout with the capacitated lot sizing problem.  
6.2 Contribution 
The storage location assignment problem and the capacitated lot sizing problem were 
not new to the area of warehouse research, however from the research conducted within 
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this thesis it was believed the two have not been combined together to form one problem 
and that this was a new area of research. The following are the main contributions of this 
thesis:  
- A new problem formulation has been developed, a dynamic joint storage 
location assignment capacitated lot sizing problem. This problem had not been 
found in previous literature, and combined warehouse layout with the 
capacitated lot sizing problem. 
- The model was dynamic, previous models that have combined the storage 
location assignment problem with inventory models have not been dynamic. 
- An industrial production warehouse was modelled and solved, and the results 
obtained could be used to help coordinated the production and warehousing at 
the facility.  
6.3 Recommendations for Future Work 
Based on the mathematical model developed within this thesis, the following were 
recommended as future works:  
- Applying back logging and shortage costs:  Sometimes due to constraints, 
demand cannot be met in a given period, this addition to the model would 
allow demand to be filled in the following periods by assigning a shortage 
cost, and adding additional constraints  
- Factoring in machine reliability: Products have to be made in previous periods 
because of the uncertainty of how the production machine is going to 
function, ex machine downtime for maintenance.  Work has been done into 
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modeling machine reliability, by factoring this into the model; it becomes 
more applicable to industrial settings.  
- Developing an algorithm to solve the model to find an optimal solution: Since 
the model was broken down for larger scale models, an extension would be to 
develop an algorithm that could find the optimal solution to the joint multi-
item storage location assignment capacitated lot sizing problem, as well as 
reducing computational time. 
- Changing the storage assignment policy: The research within this thesis has 
pointed out that there are more optimal storage assignment policies than the 
dedicated storage policy, for example the class based storage assignment 
policy. The implementation of a class based storage assignment policy would 
put classes of items together, creating a more optimal warehouse layout.  
Therefore the model proposed within this thesis makes a significant contribution 
to the warehouse of warehousing and production planning by coordinating the dedicated 
storage location assignment problem with the capacitated lot sizing problem.  
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Appendix A: Input Parameters 
Medium Scale Test Parameters 
 
Model: 25 items, 65 locations, 8 periods     
Parameters 
f(t) restriction constraint;  f(t)=75;       
 r(l) The cost of reserving storage location l;  r(l)=10; 
b(l) The cost of inventorying an item in location l; b(l)=4.24; 
v(i) variable cost of item i;  v(i)=1; 
 
o(l) the cost of retrieving an item from storage location l and moving it to the output point 
location1        3.51 
location2        3.91 
location3        4.31 
location4        4.71 
location5        5.11 
location6        3.91 
location7        4.31 
location8        4.72 
location9        5.12 
location10      5.51 
location11      4.38 
location12      4.78 
location13      5.18 
location14      5.51 
location15      5.91 
location16       6.11 
location17       4.72 
location18       5.11 
location19       5.52 
location20       5.91 
location21       6.32 
location22       6.72 
location23       5.11 
location24       5.51 
location25       5.91 
location26        6.32 
location27        6.71 
location28        7.11 
location29        5.52 
location30        5.92 
location31        6.32 
location32        6.71 
location33        7.11 
location34        7.52 
location35        5.93 
location36        6.33 
location37        6.73 
location38        7.13 
location39        7.53 
location40        7.93 
location41        6.33 
location42        6.73 
location43        7.13 
location44        7.53 
location45        7.92 
location46        8.33 
location47        6.73 
location48        7.13 
location49        7.53 
location50        7.92 
location51        8.32 
location52        8.72 
location53        7.12 
location54        7.52 
location55        7.92 
location56        8.32 
location57        8.72 
location58        9.12 
location59        7.52 
location60        7.92 
location61        8.32 
location62        8.72 
location63        9.12 
location64        9.52 
location65        7.92 
 
 
p(l) the cost of placing an item into storage location l from the production area 
location1        8.52 
location2        8.63 
location3        8.76 
location4        8.9 
location5        9.06 
location6        8.14 
location23        6.99 
location24        7.12 
location25        7.27 
location26        7.44 
location27        7.63 
location28        7.83 
location45        6.6 
location46        6.84 
location47        5.48 
location48        5.64 
location49        5.83 
location50        6.05 
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location7        8.25 
location8        8.38 
location9        8.53 
location10      8.69 
location11       7.75 
location12       7.87 
location13       8.01 
location14       8.16 
location15       8.34 
location16        8.52 
location17        7.37 
location18        7.49 
location19        7.64 
location20        7.8 
location21        7.98 
location22        8.18 
location29        6.61 
location30        6.75 
location31        6.91 
location32        7.09 
location33        7.28 
location34        7.5 
location35        6.22 
location36        6.37 
location37        6.54 
location38        6.73 
location39        6.93 
location40        7.16 
location41        5.85 
location42        6 
location43        6.18 
location44        6.38 
location51        6.28 
location52        6.52 
location53        5.11 
location54        5.29 
location55        5.49 
location56        5.72 
location57        5.96 
location58        6.22 
location59        4.75 
location60        4.94 
location61        5.16 
location62        5.4 
location63        5.65 
location64        5.92 
location65        4.4 
 
 
 h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May Jun Jul  Aug 
item1 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
. . . . . . . . . 
. . . . . . . . . 
. . . . . . . . . 
Item25 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
 
 c(i,t) The unit production cost of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug 
item1 6.24 6.24 6.24 6.24 6.24 6.24 6.24 6.24 
item2 5.82 5.82 5.82 5.82 5.82 5.82 5.82 5.82 
item3 6.28 6.28 6.28 6.28 6.28 6.28 6.28 6.28 
item4 6.62 6.62 6.62 6.62 6.62 6.62 6.62 6.62 
item5 6.73 6.73 6.73 6.73 6.73 6.73 6.73 6.73 
item6 6.13 6.13 6.13 6.13 6.13 6.13 6.13 6.13 
item7 6.11 6.11 6.11 6.11 6.11 6.11 6.11 6.11 
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 Jan Feb Mar Apr May Jun Jul Aug 
item8 7.23 7.23 7.23 7.23 7.23 7.23 7.23 7.23 
item9 6.02 6.02 6.02 6.02 6.02 6.02 6.02 6.02 
item10 6.56 6.56 6.56 6.56 6.56 6.56 6.56 6.56 
Item11 7.26 7.26 7.26 7.26 7.26 7.26 7.26 7.26 
Item12 7.31 7.31 7.31 7.31 7.31 7.31 7.31 7.31 
Item13 4.64 4.64 4.64 4.64 4.64 4.64 4.64 4.64 
Item14 5.06 5.06 5.06 5.06 5.06 5.06 5.06 5.06 
Item15 4.32 4.32 4.32 4.32 4.32 4.32 4.32 4.32 
Item16 4.26 4.26 4.26 4.26 4.26 4.26 4.26 4.26 
Item17 4.10 4.10 4.10 4.10 4.10 4.10 4.10 4.10 
Item18 4.14 4.14 4.14 4.14 4.14 4.14 4.14 4.14 
Item19 4.25 4.25 4.25 4.25 4.25 4.25 4.25 4.25 
Item20 4.16 4.16 4.16 4.16 4.16 4.16 4.16 4.16 
Item21 4.11 4.11 4.11 4.11 4.11 4.11 4.11 4.11 
Item22 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31 
Item23 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 
Item24 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item25 5.05 5.05 5.05 5.05 5.05 5.05 5.05 5.05 
  
u(i,t) The set up cost of item t at period t 
 Jan Feb Mar Apr May Jun Jul Aug 
item1 15 15 15 15 15 15 15 15 
item2 30 30 30 30 30 30 30 30 
item3 15 15 15 15 15 15 15 15 
item4 15 15 15 15 15 15 15 15 
item5 15 15 15 15 15 15 15 15 
item6 30 30 30 30 30 30 30 30 
item7 15 15 15 15 15 15 15 15 
item8 15 15 15 15 15 15 15 15 
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 Jan Feb Mar Apr May Jun Jul Aug 
item9 15 15 15 15 15 15 15 15 
item10 20 20 20 20 20 20 20 20 
Item11 90 90 90 90 90 90 90 90 
Item12 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item13 60 60 60 60 60 60 60 60 
Item14 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item15 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item16 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item17 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item18 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item19 60 60 60 60 60 60 60 60 
Item20 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
Item21 6 6 6 6 6 6 6 6 
Item22 6 6 6 6 6 6 6 6 
Item23 6 6 6 6 6 6 6 6 
Item24 6 6 6 6 6 6 6 6 
Item25 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
 
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug 
item1 1 4 2 1 1 1 1 3 
item2 1 1 1 1 1 1 1 1 
item3 0 0 0 0 0 0 0 0 
item4 0 0 0 2 2 2 3 3 
item5 1 5 6 7 6 5 5 3 
item6 6 3 1 1 2 3 5 4 
item7 0 0 0 0 0 0 0 3 
item8 0 1 0 0 0 0 2 2 
item9 0 0 0 0 1 1 0 0 
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 Jan Feb Mar Apr May Jun Jul Aug 
item10 1 1 0 1 0 1 1 4 
Item11 0 0 0 0 0 0 0 0 
Item12 0 1 1 1 1 0 1 2 
Item13 0 0 1 0 0 0 0 0 
Item14 0 0 0 0 0 0 0 0 
Item15 3 5 1 3 6 6 3 3 
Item16 0 0 0 0 0 0 0 0 
Item17 1 1 1 1 1 1 1 1 
Item18 0 0 0 0 0 1 0 0 
Item19 0 4 3 3 3 2 4 0 
Item20 1 0 0 0 0 0 0 0 
Item21 0 0 0 0 1 0 0 0 
Item22 3 3 5 1 1 1 2 1 
Item23 0 0 0 0 0 0 0 0 
Item24 3 6 3 6 4 5 6 6 
Item25 6 5 6 3 4 4 3 2 
 
M Production capacity per period /6/; 
 
Model: 50 items, 300 locations, 8 periods     
Parameters 
f(t) restriction constraint;  f(t)=300;       
 r(l) The cost of reserving storage location l;  r(l)=10; 
b(l) The cost of inventorying an item in location l; b(l)=4.24; 
v(i) variable cost of item i;  v(i)=1; 
 
o(l) the cost of moving to a product to location l during period t 
location1      3.51 
location2      3.91 
location3      4.31 
location4      4.71 
location60    7.92 
location61    8.32 
location62    8.72 
location63    9.12 
location119      5.88 
location120      6.28 
location121      6.68 
location122      7.08 
location178      11.88 
location179      10.68 
location180      11.08 
location181      11.48 
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location5      5.11 
location6      3.91 
location7      4.31 
location8      4.72 
location9      5.12 
location10    5.51 
location11    4.38 
location12    4.78 
location13    5.18 
location14    5.51 
location15    5.91 
location16    6.11 
location17    4.72 
location18    5.11 
location19    5.52 
location20    5.91 
location21    6.32 
location22    6.72 
location23    5.11 
location24    5.51 
location25    5.91 
location26    6.32 
location27    6.71 
location28    7.11 
location29    5.52 
location30    5.92 
location31    6.32 
location32    6.71 
location33    7.11 
location34    7.52 
location35    5.93 
location36    6.33 
location37    6.73 
location38    7.13 
location39    7.53 
location40    7.93 
location41    6.33 
location42    6.73 
location43    7.13 
location44    7.53 
location64    9.52 
location65    7.92 
location66    8.32 
location67    8.72 
location68    9.13 
location69    9.53 
location70    9.92 
location71    8.33 
location72    8.72 
location73    9.13 
location74    9.53 
location75    9.93 
location76      10.33 
location77        8.72 
location78        9.12 
location79        9.52 
location80        9.92 
location81      10.33 
location82      10.73 
location83        9.12 
location84        9.52 
location85        9.92 
location86      10.33 
location87      10.73 
location88      11.14 
location89        9.52 
location90        9.92 
location91      10.33 
location92      10.73 
location93      11.14 
location94      11.54 
location95        9.92 
location96      10.33 
location97      10.73 
location98      11.14 
location99      11.54 
location100    11.94 
location101    10.33 
location102    10.73 
location103    11.14 
location123      7.48 
location124      6.28 
location125      6.68 
location126      7.08 
location127      7.48 
location128      7.88 
location129      6.68 
location130      7.08 
location131      7.48 
location132      7.88 
location133      8.28 
location134      7.08 
location135      7.48 
location136      7.88 
location137      8.28 
location138      8.68 
location139      7.48 
location140      7.88 
location141      8.28 
location142      8.68 
location143      9.08 
location144      7.88 
location145      8.28 
location146      8.68 
location147      9.08 
location148      9.48 
location149      8.28 
location150      8.68 
location151        9.08 
location152        9.48 
location153        9.88 
location154        8.68 
location155        9.08 
location156        9.48 
location157        9.88 
location158      10.28 
location159        9.08 
location160        9.48 
location161        9.88 
location162      10.28 
location182      11.88 
location183      12.28 
location184      11.08 
location185      11.48 
location186      11.88 
location187      12.28 
location188      12.68 
location189      11.48 
location190      11.88 
location191      12 
location192      28 
location193      13.08 
location194      11.88 
location195      12.28 
location196      12.68 
location197      13.08 
location198      13.48 
location199      12.28 
location200      12.68 
location201      13.08 
location202      13.48 
location203      13.88 
location204      12.68 
location205      13.08 
location206      13.48 
location207      13.88 
location208      14.28 
location209      13.08 
location210      13.48 
location211      13.88 
location212      14.28 
location213      14.68 
location214      13.48 
location215      13.88 
location216      14.28 
location217      14.68 
location218      15.08 
location219      13.88 
location220      14.28 
location221      14.68 
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location45    7.92 
location46    8.33 
location47    6.73 
location48    7.13 
location49    7.53 
location50    7.92 
location51    8.32 
location52    8.72 
location53    7.12 
location54    7.52 
location55    7.92 
location56    8.32 
location57    8.72 
location58    9.12 
location59    7.52 
location104    11.54 
location105    11.94 
location106    12.34 
location107    10.97 
location108    11.37 
location109    11.77 
location110    12.17 
location111    11.37 
location112    11.77 
location113    12.17 
location114    12.57 
location115    11.77 
location116    12.17 
location117    12.57 
location118    12.97 
location163      10.68 
location164        9.48 
location165        9.88 
location166      10.28 
location167      10.68 
location168      11.08 
location169        9.88 
location170      10.28 
location171      10.68 
location172      11.08 
location173      11.48 
location174      10.28 
location175      10.68 
location176      11.08 
location177      11.48 
location222      15.08 
location223      15.48 
location224      14.38 
location225      14.78 
location226      15.18 
location227      15.58 
location228      15.98 
location229      14.78 
location230      15.18 
location231      15.58 
location232      15.98 
location233      16.38 
 
 
p(l) the cost of moving to a product to location l during period t 
location1       8.52 
location2       8.63 
location3       8.76 
location4        8.9 
location5       9.06 
location6       8.14 
location7       8.25 
location8       8.38 
location9       8.53 
location10     8.69 
location11     7.75 
location12     7.87 
location13     8.01 
location14     8.16 
location15     8.34 
location16     8.52 
location17     7.37 
location18     7.49 
location19     7.64 
location20     7.8 
location21     7.98 
location22     8.18 
location23     6.99 
location60     4.94 
location61     5.16 
location62     5.4 
location63     5.65 
location64     5.92 
location65     4.4 
location66     4.6 
location67     4.84 
location68     5.09 
location69     5.36 
location70     5.64 
location71     4.04 
location72     4.27 
location73     4.52 
location74     4.79 
location75     5.07 
location76       7.57 
location77       5.17 
location78       5.57 
location79       5.97 
location80       6.37 
location81       6.77 
location82       7.17 
location119   12.31 
location120   12.72 
location121   13.17 
location122   13.51 
location123   13.91 
location124   11.91 
location125   12.31 
location126   12.72 
location127   13.17 
location128   13.51 
location129   11.51 
location130   11.91 
location131   12.31 
location132   12.72 
location133   13.17 
location134   11.17 
location135   11.51 
location136   11.91 
location137   12.31 
location138   12.72 
location139   10.71 
location140   11.11 
location141   11.57 
location178        9.57 
location179        7.57 
location180        7.91 
location181        8.31 
location182        8.71 
location183        9.11 
location184        7.11 
location185        7.51 
location186        7.91 
location187        8.31 
location188        8.71 
location189        6.71 
location190        7.11 
location191        7.51 
location192        7.91 
location193        8.31 
location194        6.31 
location195        6.71 
location196        7.11 
location197        7.51 
location198        7.91 
location199        5.91 
location200        6.31 
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location24     7.12 
location25     7.27 
location26     7.44 
location27     7.63 
location28     7.83 
location29     6.61 
location30     6.75 
location31     6.91 
location32     7.09 
location33     7.28 
location34     7.5 
location35     6.22 
location36     6.37 
location37     6.54 
location38     6.73 
location39     6.93 
location40     7.16 
location41     5.85 
location42     6 
location43     6.18 
location44     6.38 
location45     6.6 
location46     6.84 
location47     5.48 
location48     5.64 
location49     5.83 
location50     6.05 
location51     6.28 
location52     6.52 
location53     5.11 
location54     5.29 
location55     5.49 
location56     5.72 
location57     5.96 
location58     6.22 
location59     4.75 
location83       4.76 
location84       5.16 
location85       5.56 
location86       5.96 
location87       6.36 
location88       6.76 
location89       4.36 
location90       4.76 
location91       5.16 
location92       5.56 
location93       5.96 
location94       6.36 
location95       3.96 
location96       4.36 
location97       4.76 
location98       5.16 
location99       5.56 
location100     5.94 
location101     3.56 
location102     3.94 
location103     4.34 
location104     4.76 
location105     5.16 
location106     5.56 
location107     2.94 
location108     3.34 
location109     3.74 
location110     4.14 
location111     2.54 
location112     2.94 
location113     3.34 
location114     3.74 
location115     2.14 
location116     2.54 
location117     2.44 
location118     3.34 
location142   11.92 
location143   12.31 
location144   10.31 
location145   10.71 
location146   11.11 
location147   11.52 
location148   11.92 
location149     9.91 
location150   10.31 
location151      10.71 
location152      11.17 
location153      11.51 
location154        9.51 
location155        9.91 
location156      10.31 
location157      10.71 
location158      11.11 
location159        9.11 
location160        9.51 
location161        9.91 
location162      10.37 
location163      10.77 
location164        8.71 
location165        9.11 
location166        9.51 
location167        9.91 
location168      10.32 
location169        8.32 
location170        8.72 
location171        9.11 
location172        9.51 
location173        9.91 
location174        7.91 
location175        8.31 
location176        8.71 
location177        9.11 
location201        6.71 
location202        7.11 
location203        7.51 
location204        5.51 
location205        5.91 
location206        6.31 
location207        6.71 
location208        7.11 
location209        5.11 
location210        5.51 
location211        5.91 
location212        6.31 
location213        6.71 
location214        4.71 
location215        5.11 
location216        5.51 
location217        5.91 
location218        6.31 
location219        4.31 
location220        4.71 
location221        5.11 
location222        5.51 
location223        5.91 
location224        4.71 
location225        5.11 
location226        5.51 
location227        5.91 
location228        6.34 
location229        5.11 
location230        5.51 
location231        5.91 
location232        6.34 
location233        6.74 
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h(i,t) The unit inventory cost of holding item i at period t 
 Jan Feb Mar Apr May Jun Jul  Aug 
item1 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
item2 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
item3 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
. . . . . . . . . 
. . . . . . . . . 
. . . . . . . . . 
Item50 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
 
c(i,t) The unit production cost of item i at period t  
(These Costs are the same for the entire planning horizon) 
item1 6.24 Item18 4.14 Item35 5.71 
item2 5.82 Item19 4.25 Item36 5.29 
item3 6.28 Item20 4.16 Item37 4.89 
item4 6.62 Item21 4.11 Item38 4.5 
item5 6.73 Item22 3.31 Item39 4.2 
item6 6.13 Item23 3.8 Item40 3.06 
item7 6.11 Item24 4.5 Item41 4.31 
item8 7.23 Item25 5.05 Item42 4.37 
item9 6.02 Item26 3.50 Item43 4.2 
item10 6.56 Item27 3.8 Item44 4.2 
Item11 7.26 Item28 7.15 Item45 4.19 
Item12 7.31 Item29 4.2 Item46 3.30 
Item13 4.64 Item30 3.99 Item47 4.2 
Item14 5.06 Item31 4.46 Item48 4.22 
Item15 4.32 Item32 5.29 Item49 4.37 
Item16 4.26 Item33 3.50 Item50 4.2 
Item17 4.10 Item34 8.81   
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u(i,t) The set up cost of item t at period t 
(These Costs are the same for the entire planning horizon) 
item1 4.50 Item18 15 Item35 30 
item2 4.50 Item19 15 Item36 20 
item3 4.50 Item20 15 Item37 6 
item4 4.50 Item21 15 Item38 6 
item5 4.50 Item22 15 Item39 10 
item6 4.50 Item23 15 Item40 6 
item7 4.50 Item24 15 Item41 60 
item8 4.50 Item25 15 Item42 60 
item9 4.50 Item26 15 Item43 60 
item10 4.50 Item27 15 Item44 60 
Item11 4.50 Item28 15 Item45 15 
Item12 4.50 Item29 15 Item46 6 
Item13 60 Item30 15 Item47 15 
Item14 60 Item31 15 Item48 30 
Item15 60 Item32 15 Item49 15 
Item16 60 Item33 15 Item50 15 
Item17 15 Item34 30   
 
d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug 
Item1 5 4 6 3 5 6 5 4 
Item2 3 2 4 3 3 4 3 3 
Item3 5 4 7 4 6 8 5 5 
Item4 6 3 7 4 6 7 5 5 
Item5 1 1 1 1 1 1 1 1 
Item6 1 1 1 1 1 1 1 1 
Item7 1 1 1 1 1 1 1 1 
Item8 1 1 2 1 2 2 2 1 
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Item9 2 1 2 2 2 3 2 2 
Item10 1 1 1 1 1 1 1 1 
Item11 1 1 1 1 1 1 1 1 
Item12 1 1 1 1 1 1 1 1 
Item13 0 0 0 0 0 0 0 0 
Item14 0 1 0 0 0 0 1 0 
Item15 1 0 0 0 0 0 1 1 
Item16 1 0 0 0 0 0 1 0 
Item17 3 2 1 1 0 0 4 3 
Item18 1 1 1 1 1 1 1 1 
Item19 0 0 0 0 0 0 0 0 
Item20 6 6 2 2 3 3 3 3 
Item21 2 1 3 1 1 1 1 1 
Item22 20 13 20 18 22 22 22 22 
Item23 0 1 0 0 0 0 0 0 
Item24 1 1 1 1 0 0 2 3 
Item25 2 4 4 7 3 3 1 2 
Item26 9 14 9 7 7 6 4 7 
Item27 1 0 0 1 0 0 1 0 
Item28 3 1 0 5 0 3 0 3 
Item29 2 1 1 0 1 1 1 1 
Item30 0 0 0 0 0 0 0 0 
Item31 0 0 0 0 0 0 0 0 
Item32 1 1 1 1 1 1 1 1 
Item33 5 4 2 5 0 1 0 2 
Item34 0 0 6 3 4 4 4 5 
Item35 4 4 5 2 5 2 3 6 
Item36 5 3 4 2 2 4 0 5 
Item37 15 14 8 10 10 10 10 10 
Item38 7 8 10 3 6 8 10 9 
Item39 10 9 12 7 8 10 11 9 
Item40 4 8 2 4 7 4 8 5 
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d(i,t) The amount of required demand of item i at period t 
Item41 0 0 1 1 1 1 0 1 
Item42 0 0 0 0 0 0 0 0 
Item43 1 0 0 0 0 0 0 0 
Item44 1 1 1 1 1 1 1 2 
Item45 3 4 8 3 4 4 4 4 
Item46 1 1 1 1 0 1 1 1 
Item47 4 12 11 6 5 5 5 5 
Item48 1 6 7 2 3 2 3 2 
Item49 4 6 19 2 8 8 3 4 
Item50 1 1 3 4 1 2 1 1 
          
         SCALAR M Production capacity /25/; 
 
Large Scale Test Parameters 
Model: 153 items, 814 locations, 12 periods  
Parameters 
f (t) Production restriction constraint; f (t) =75;  
r (l) The cost of reserving storage location l; r (l) =10; 
b (l) Cost of the inventorying (in/out fee) an item for storage location l; b (l) =4.24; 
v (i) variable cost of item i; v (i) =1; 
 
o (l) the cost of retrieving an item from storage location l and moving it to the output 
point 
location1       3.51 
location2       3.91 
location3       4.31 
location4       4.71 
location5       5.11 
location6       3.91 
location7       4.31 
location8       4.72 
location9       5.12 
location10     5.51 
location11     4.38 
location205     13.08 
location206     13.48 
location207     13.88 
location208     14.28 
location209     13.08 
location210     13.48 
location211     13.88 
location212     14.28 
location213     14.68 
location214     13.48 
location215     13.88 
location409     12.59 
location410     12.99 
location411     11.39 
location412     11.79 
location413     12.19 
location414     12.59 
location415     12.99 
location416     13.39 
location417     11.79 
location418     12.19 
location419     12.59 
ocation613      26.29 
location614     26.69 
location615     25.05 
location616     25.49 
location617     25.89 
location618     26.29 
location619     26.69 
location620     27.09 
location621     25.49 
location622     25.89 
location623     26.29 
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location12     4.78 
location13     5.18 
location14     5.51 
location15     5.91 
location16     6.11 
location17     4.72 
location18     5.11 
location19     5.52 
location20     5.91 
location21     6.32 
location22     6.72 
location23     5.11 
location24     5.51 
location25     5.91 
location26     6.32 
location27     6.71 
location28     7.11 
location29     5.52 
location30     5.92 
location31     6.32 
location32     6.71 
location33     7.11 
location34     7.52 
location35     5.93 
location36     6.33 
location37     6.73 
location38     7.13 
location39     7.53 
location40     7.93 
location41     6.33 
location42     6.73 
location43     7.13 
location44     7.53 
location45     7.92 
location46     8.33 
location47     6.73 
location48     7.13 
location49     7.53 
location50     7.92 
location51     8.32 
location52     8.72 
location53     7.12 
location54     7.52 
location55     7.92 
location56     8.32 
location57     8.72 
location216     14.28 
location217     14.68 
location218     15.08 
location219     13.88 
location220     14.28 
location221     14.68 
location222     15.08 
location223     15.48 
location224     14.38 
location225     14.78 
location226     15.18 
location227     15.58 
location228     15.98 
location229     14.78 
location230     15.18 
location231     15.58 
location232     15.98 
location233     16.38 
location234     15.18 
location235     15.58 
location236     15.98 
location237     16.38 
location238     16.78 
location239     15.58 
location240     15.98 
location241     16.38 
location242     16.78 
location243     17.18 
location244     15.98 
location245     16.38 
location246     16.78 
location247     17.18 
location248     17.58 
location249     16.38 
location250     16.78 
location251     17.18 
location252     17.58 
location253     17.98 
location254     16.78 
location255     17.18 
location256     17.58 
location257     17.98 
location258     18.38 
location259     17.18 
location260     17.58 
location261     17.98 
location420     12.99 
location421     13.39 
location422     13.79 
location423     12.19 
location424     12.59 
location425     12.99 
location426     13.39 
location427     13.79 
location428     14.19 
location429     12.59 
location430     12.99 
location431     13.39 
location432     13.79 
location433     14.19 
location434     14.59 
location435     12.99 
location436     13.39 
location437     13.79 
location438     14.19 
location439     14.59 
location440     14.99 
location441     13.39 
location442     13.79 
location443     14.19 
location444     14.59 
location445     14.99 
location446     15.39 
location447     13.79 
location448     14.19 
location449     14.59 
location450     14.99 
location451     15.39 
location452     15.79 
location453     14.19 
location454     14.59 
location455     14.99 
location456     15.39 
location457     15.79 
location458     16.19 
location459     14.59 
location460     14.99 
location461     15.39 
location462     15.79 
location463     16.19 
location464     16.59 
location465     14.99 
location624     26.69 
location625     27.09 
location626     27.49 
location627     25.89 
location628     26.29 
location629     26.69 
location630     27.09 
location631     27.49 
location632     27.89 
location633     26.29 
location634     26.69 
location635     27.09 
location636     27.49 
location637     27.89 
location638     28.29 
location639     26.69 
location640     27.09 
location641     27.49 
location642     27.89 
location643     28.29 
location644     28.69 
location645     27.09 
location646     27.49 
location647     27.89 
location648     28.29 
location649     28.69 
location650     29.09 
location651     27.49 
location652     27.89 
location653     28.29 
location654     28.69 
location655     29.09 
location656     29.49 
location657     19.56 
location658     19.96 
location659     20.36 
location660     20.76 
location661     21.16 
location662     19.96 
location663     20.36 
location664     20.76 
location665     21.16 
location666     21.56 
location667     20.36 
location668     20.76 
location669     21.16 
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location58     9.12 
location59     7.52 
location60     7.92 
location61     8.32 
location62     8.72 
location63     9.12 
location64     9.52 
location65     7.92 
location66     8.32 
location67     8.72 
location68     9.13 
location69     9.53 
location70     9.92 
location71     8.33 
location72     8.72 
location73     9.13 
location74     9.53 
location75     9.93 
location76     10.33 
location77     8.72 
location78     9.12 
location79     9.52 
location80     9.92 
location81     10.33 
location82     10.73 
location83     9.12 
location84     9.52 
location85     9.92 
location86     10.33 
location87     10.73 
location88     11.14 
location89     9.52 
location90     9.92 
location91     10.33 
location92     10.73 
location93     11.14 
location94     11.54 
location95     9.92 
location96     10.33 
location97     10.73 
location98     11.14 
location99     11.54 
location100   11.94 
location101   10.33 
location102   10.73 
location103   11.14 
location262     18.38 
location263     18.78 
location264     17.58 
location265     17.98 
location266     18.38 
location267     18.78 
location268     19.18 
location269     17.98 
location270     18.38 
location271     18.78 
location272     19.18 
location273     19.58 
location274     18.38 
location275     18.78 
location276     19.18 
location277     19.58 
location278     19.98 
location279     18.78 
location280     19.18 
location281     19.58 
location282     19.98 
location283     20.38 
location284     19.18 
location285     19.58 
location286     19.98 
location287     20.38 
location288     20.78 
location289     19.58 
location290     19.98 
location291     20.38 
location292     20.78 
location293     21.18 
location294     19.98 
location295     20.38 
location296     20.78 
location297     21.18 
location298     21.58 
location299     20.38 
location300     20.78 
location301     21.18 
location302     21.58 
location303     21.98 
location304     20.78 
location305     21.18 
location306     21.58 
location307     21.98 
location466     15.39 
location467     15.79 
location468     16.19 
location469     16.59 
location470     16.99 
location471     15.39 
location472     15.79 
location473     16.19 
location474     16.59 
location475     16.99 
location476     17.39 
location477     15.79 
location478     16.19 
location479     16.59 
location480     16.99 
location481     17.39 
location482     17.79 
location483     16.19 
location484     16.59 
location485     16.99 
location486     17.39 
location487     17.79 
location488     18.19 
location489     16.59 
location490     16.99 
location491     17.39 
location492     17.79 
location493     18.19 
location494     18.59 
location495     16.99 
location496     17.39 
location497     17.79 
location498     18.19 
location499     18.59 
location500     18.99 
location501     17.39 
location502     17.79 
location503     18.19 
location504     18.59 
location505     18.99 
location506     19.39 
location507     17.79 
location508     18.19 
location509     18.59 
location510     18.99 
location511     19.39 
location670     21.56 
location671     21.96 
location672     20.76 
location673     21.16 
location674     21.56 
location675     21.96 
location676     22.36 
location677     21.16 
location678     21.56 
location679     21.96 
location680     22.36 
location681     22.76 
location682     21.56 
location683     21.96 
location684     22.36 
location685     22.76 
location686     23.16 
location687     21.96 
location688     22.36 
location689     22.76 
location690     23.16 
location691     23.56 
location692     22.36 
location693     22.76 
location694     23.16 
location695     23.56 
location696     23.96 
location697     22.76 
location698     23.26 
location699     23.56 
location700     23.96 
location701     24.36 
location702     23.16 
location703     13.56 
location704     23.96 
location705     24.36 
location706     24.76 
location707     23.56 
location708     23.96 
location709     24.36 
location710     24.76 
location711     25.16 
location712     23.96 
location713     24.36 
location714     24.76 
location715     25.16 
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location104   11.54 
location105   11.94 
location106   12.34 
location107   10.97 
location108   11.37 
location109   11.77 
location110   12.17 
location111   11.37 
location112   11.77 
location113   12.17 
location114   12.57 
location115   11.77 
location116   12.17 
location117   12.57 
location118   12.97 
location119   5.88 
location120   6.28 
location121   6.68 
location122   7.08 
location123   7.48 
location124   6.28 
location125   6.68 
location126   7.08 
location127   7.48 
location128   7.88 
location129   6.68 
location130   7.08 
location131   7.48 
location132   7.88 
location133   8.28 
location134   7.08 
location135   7.48 
location136   7.88 
location137   8.28 
location138   8.68 
location139   7.48 
location140   7.88 
location141   8.28 
location142   8.68 
location143   9.08 
location144   7.88 
location145   8.28 
location146   8.68 
location147   9.08 
location148   9.48 
location149   8.28 
location308     22.38 
location309     21.18 
location310     21.58 
location311     21.98 
location312     22.38 
location313     22.78 
location314     21.58 
location315     21.98 
location316     22.38 
location317     22.78 
location318     23.18 
location319     21.98 
location320     22.38 
location321     22.78 
location322     23.18 
location323     23.58 
location324     22.38 
location325     22.78 
location326     23.18 
location327     23.58 
location328     23.98 
location329     22.78 
location330     23.18 
location331     23.58 
location332     23.98 
location333     24.38 
location334     23.18 
location335     23.58 
location336     23.98 
location337     24.98 
location338     23.78 
location339     13.06 
location340     13.46 
location341     13.86 
location342     14.26 
location343     14.66 
location344     15.06 
location345     12.66 
location346     13.06 
location347     13.46 
location348     13.86 
location349     14.26 
location350     14.66 
location351     12.26 
location352    12.66 
location353    13.06 
location512     19.79 
location513     18.19 
location514     18.59 
location515     18.99 
location516     19.39 
location517     19.79 
location518     20.19 
location519     18.69 
location520     19.09 
location521     19.49 
location522     19.89 
location523     20.29 
location524     20.69 
location525     19.09 
location526     19.49 
location527     19.89 
location528     20.29 
location529     20.69 
location530     21.09 
location531     19.49 
location532     19.89 
location533     20.29 
location534     20.69 
location535     21.09 
location536     21.49 
location537     19.89 
location538     20.29 
location539     20.69 
location540     21.09 
location541     21.49 
location542     21.89 
location543     20.29 
location544     20.69 
location545     21.09 
location546     21.49 
location547     21.89 
location548     22.29 
location549     20.69 
location550     21.09 
location551     21.49 
location552     21.89 
location553     22.29 
location554     22.69 
location555     21.09 
location556     21.49 
location557     21.89 
location716     25.56 
location717     24.36 
location718     24.76 
location719     25.16 
location720     15.56 
location721     25.96 
location722     24.76 
location723     25.16 
location724     25.56 
location725     25.96 
location726     26.36 
location727     25.16 
location728     25.56 
location729     25.96 
location730     26.36 
location731     26.76 
location732     25.09 
location733     25.49 
location734     25.89 
location735     24.29 
location736     24.69 
location737     25.09 
location738     25.49 
location739     25.89 
location740     26.29 
location741     24.69 
location742     25.09 
location743     25.49 
location744     25.89 
location745     26.29 
location746     26.69 
location747     25.05 
location748     25.49 
location749     25.89 
location750     26.29 
location751     26.69 
location752     27.09 
location753     25.49 
location754     25.89 
location755     26.29 
location756     26.69 
location757     27.09 
location758     27.49 
location759     25.89 
location760     26.29 
location761     26.69 
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location150   8.68 
location151   9.08 
location152   9.48 
location153   9.88 
location154   8.68 
location155   9.08 
location156   9.48 
location157   9.88 
location158   10.28 
location159   9.08 
location160   9.48 
location161   9.88 
location162   10.28 
location163   10.68 
location164   9.48 
location165   9.88 
location166   10.28 
location167   10.68 
location168   11.08 
location169   9.88 
location170   10.28 
location171   10.68 
location172   11.08 
location173   11.48 
location174   10.28 
location175   10.68 
location176   11.08 
location177   11.48 
location178   11.88 
location179   10.68 
location180   11.08 
location181   11.48 
location182   11.88 
location183   12.28 
location184   11.08 
location185   11.48 
location186   11.88 
location187   12.28 
location188   12.68 
location189   11.48 
location190   11.88 
location191   12 
location192   28 
location193   13.08 
location194   11.88 
location195   12.28 
location354    13.46 
location355    13.86 
location356    14.26 
location357    11.86 
location358    12.26 
location359    12.66 
location360    13.06 
location361    13.46 
location362    13.86 
location363    11.46 
location364    11.18 
location365    12.26 
location366    12.66 
location367    13.06 
location368    13.46 
location369    11.06 
location370    11.46 
location371    11.86 
location372    12.26 
location373    12.66 
location374    13.06 
location375    10.66 
location376    11.06 
location377    11.46 
location378    11.86 
location379    12.26 
location380    12.66 
location381    10.26 
location382    10.66 
location383    11.06 
location384    11.46 
location385    11.86 
location386    12.26 
location387    9.86 
location388    10.26 
location389    10.66 
location390    11.06 
location391    11.46 
location392    11.86 
location393    10.19 
location394    10.59 
location395    10.99 
location396    11.39 
location397    11.79 
location398    12.19 
location399    10.59 
location558     22.29 
location559     22.69 
location560     23.09 
location561     21.49 
location562     21.89 
location563     22.29 
location564     22.69 
location565     23.09 
location566     23.49 
location567     21.89 
location568     22.29 
location569     22.69 
location570     23.09 
location571     23.49 
location572     23.89 
location573     22.29 
location574     22.69 
location575     23.09 
location576     23.49 
location577     23.89 
location578     24.29 
location579     22.69 
location580     23.09 
location581     23.29 
location582     23.89 
location583     24.29 
location584     24.69 
location585     23.09 
location586     23.49 
location587     23.89 
location588     24.29 
location589     24.69 
location590     25.09 
location591     23.49 
location592     23.89 
location593     24.29 
location594     24.69 
location595     25.09 
location596     25.49 
location597     23.89 
location598     24.29 
location599     24.69 
location600     25.09 
location601     25.49 
location602     25.89 
location603     24.29 
location762     27.09 
location763     27.49 
location764     27.89 
location765     26.29 
location766     26.69 
location767     27.09 
location768     27.49 
location769     27.89 
location770     28.29 
location771     26.69 
location772     27.09 
location773     27.49 
location774     27.89 
location775     28.29 
location776     28.69 
location777     27.09 
location778     27.49 
location779     27.89 
location780     28.29 
location781     28.69 
location782     29.09 
location783     27.49 
location784     27.89 
location785     28.29 
location786     28.69 
location787     29.09 
location788     29.49 
location789     19.56 
location790     19.96 
location791     20.36 
location792     20.76 
location793     21.16 
location794     19.96 
location795     20.36 
location796     20.76 
location797     21.16 
location798     21.56 
location799     20.36 
location800     20.76 
location801     21.16 
location802     21.56 
location803     21.96 
location804     20.76 
location805     21.16 
location806     21.56 
location807     21.96 
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location196   12.68 
location197   13.08 
location198   13.48 
location199   12.28 
location200   12.68 
location201   13.08 
location202   13.48 
location203   13.88 
location204   12.68 
location400    10.99 
location401    11.39 
location402    11.79 
location403    12.19 
location404    12.59 
location405    10.99 
location406    11.39 
location407    11.79 
location408    12.19 
location604     24.69 
location605     25.09 
location606     25.49 
location607     25.89 
location608     26.29 
location609     24.69 
location610     25.09 
location611     25.49 
location612     25.89 
location808     22.36 
location809     21.16 
location810     21.56 
location811     21.96 
location812     22.36 
location813     22.76 
p (l) the cost of placing an item into storage location l from the production area  
location1       8.52 
location2       8.63 
location3       8.76 
location4       8.9 
location5       9.06 
location6       8.14 
location7       8.25 
location8       8.38 
location9       8.53 
location10     8.69 
location11     7.75 
location12     7.87 
location13     8.01 
location14     8.16 
location15     8.34 
location16     8.52 
location17     7.37 
location18     7.49 
location19     7.64 
location20     7.8 
location21     7.98 
location22     8.18 
location23     6.99 
location24     7.12 
location25     7.27 
location26     7.44 
location27     7.63 
location28     7.83 
location29     6.61 
location30     6.75 
location31     6.91 
location32     7.09 
location33     7.28 
location34     7.5 
location35     6.22 
location205     5.91 
location206     6.31 
location207     6.71 
location208     7.11 
location209     5.11 
location210     551 
location211     5.91 
location212     6.31 
location213     6.71 
location214     4.71 
location215     5.11 
location216     5.51 
location217     5.91 
location218     6.31 
location219     4.31 
location220     4.71 
location221     5.11 
location222     5.51 
location223     5.91 
location224     4.71 
location225     5.11 
location226     5.51 
location227     5.91 
location228     6.34 
location229     5.11 
location230     5.51 
location231     5.91 
location232     6.34 
location233     6.74 
location234     5.51 
location235     5.91 
location236     6.34 
location237     6.74 
location238     7.14 
location239     5.91 
location409     17.43 
location410     17.83 
location411     15.43 
location412     15.83 
location413     16.23 
location414     16.63 
location415     17.02 
location416     17.43 
location417     15.03 
location418     15.43 
location419     15.83 
location420     16.23 
location421     16.63 
location422     17.03 
location423     14.63 
location424     15.03 
location425     15.43 
location426     15.83 
location427     16.23 
location428     16.63 
location429     14.23 
location430     14.63 
location431     15.03 
location432     15.43 
location433     15.83 
location434     16.23 
location435     13.83 
location436     14.23 
location437     14.63 
location438     15.03 
location439     15.43 
location440     15.83 
location441     13.43 
location442     13.83 
location443     14.23 
ocation613      16.65 
location614     17.05 
location615     15.45 
location616     15.85 
location617     16.25 
location618     16.65 
location619     17.05 
location620     17.45 
location621     15.85 
location622     16.26 
location623     16.65 
location624     17.05 
location625     17.45 
location626     17.85 
location627     16.25 
location628     16.65 
location629     17.05 
location630     17.45 
location631     17.85 
location632     18.25 
location633     16.65 
location634     17.05 
location635     17.45 
location636     17.85 
location637     18.25 
location638     18.65 
location639     17.05 
location640     17.45 
location641     17.85 
location642     18.25 
location643     18.65 
location644     19.05 
location645     17.45 
location646     17.85 
location647     18.25 
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location36     6.37 
location37     6.54 
location38     6.73 
location39     6.93 
location40     7.16 
location41     5.85 
location42     6 
location43     6.18 
location44     6.38 
location45     6.6 
location46     6.84 
location47     5.48 
location48     5.64 
location49     5.83 
location50     6.05 
location51     6.28 
location52     6.52 
location53     5.11 
location54     5.29 
location55     5.49 
location56     5.72 
location57     5.96 
location58     6.22 
location59     4.75 
location60     4.94 
location61     5.16 
location62     5.4 
location63     5.65 
location64     5.92 
location65     4.4 
location66     4.6 
location67     4.84 
location68     5.09 
location69     5.36 
location70     5.64 
location71     4.04 
location72     4.27 
location73     4.52 
location74     4.79 
location75     5.07 
location76     7.57 
location77     5.17 
location78     5.57 
location79     5.97 
location80     6.37 
location81     6.77 
location240     6.34 
location241     6.74 
location242     7.14 
location243     7.54 
location244     6.34 
location245     6.74 
location246     7.14 
location247     7.54 
location248     7.94 
location249     6.74 
location250     7.14 
location251     7.54 
location252     7.94 
location253     8.34 
location254     7.14 
location255     7.54 
location256     7.94 
location257     8.34 
location258     8.74 
location259     7.54 
location260     7.94 
location261     8.34 
location262     8.74 
location263     9.14 
location264     7.94 
location265     8.34 
location266     8.74 
location267     9.14 
location268     9.54 
location269     8.34 
location270     8.74 
location271     9.14 
location272     9.54 
location273     9.94 
location274     8.74 
location275     9.14 
location276     9.54 
location277     9.97 
location278     10.34 
location279     9.17 
location280     9.47 
location281     9.57 
location282     10.47 
location283     10.74 
location284     9.54 
location285     9.94 
location444     14.63 
location445     15.03 
location446     15.43 
location447     13.03 
location448     13.43 
location449     13.83 
location450     14.23 
location451     14.63 
location452     15.03 
location453     12.63 
location454     13.03 
location455     13.43 
location456     13.83 
location457     14.23 
location458     14.63 
location459     12.23 
location460     12.63 
location461     13.03 
location462     13.43 
location463     13.83 
location464     14.23 
location465     11.83 
location466     12.23 
location467     12.63 
location468     13.03 
location469     13.43 
location470     13.83 
location471     11.43 
location472     11.83 
location473     12.23 
location474     12.63 
location475     13.03 
location476     13.43 
location477     11.03 
location478     11.43 
location479     11.83 
location480     12.23 
location481     12.63 
location482     13.03 
location483     10.63 
location484     11.03 
location485     11.43 
location486     11.83 
location487     12.23 
location488     12.63 
location489     10.23 
location648     18.65 
location649     19.05 
location650     19.45 
location651     17.85 
location652     18.25 
location653     18.65 
location654     19.05 
location655     19.45 
location656     19.85 
location657     11.35 
location658     11.75 
location659     12.15 
location660     12.55 
location661     12.95 
location662     10.95 
location663     11.35 
location664     11.75 
location665     12.15 
location666     12.55 
location667     10.72 
location668     11.12 
location669     11.52 
location670     11.92 
location671     12.32 
location672     11.12 
location673     11.52 
location674     11.92 
location675     12.32 
location676     12.72 
location677     11.52 
location678     11.92 
location679     12.32 
location680     12.72 
location681     13.12 
location682     11.92 
location683     12.32 
location684     12.72 
location685     13.12 
location686     13.52 
location687     12.32 
location688     12.72 
location689     13.12 
location690     13.52 
location691     13.92 
location692     12.72 
location693     13.12 
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location82     7.17 
location83     4.76 
location84     5.16 
location85     5.56 
location86     5.96 
location87     6.36 
location88     6.76 
location89     4.36 
location90     4.76 
location91     5.16 
location92     5.56 
location93     5.96 
location94     6.36 
location95     3.96 
location96     4.36 
location97     4.76 
location98     5.16 
location99     5.56 
location100   5.94 
location101   3.56 
location102   3.94 
location103   4.34 
location104   4.76 
location105   5.16 
location106   5.56 
location107   2.94 
location108   3.34 
location109   3.74 
location110   4.14 
location111   2.54 
location112   2.94 
location113   3.34 
location114   3.74 
location115   2.14 
location116   2.54 
location117   2.44 
location118   3.34 
location119   12.31 
location120   12.72 
location121   13.17 
location122   13.51 
location123   13.91 
location124   11.91 
location125   12.31 
location126   12.72 
location127   13.17 
location286     10.34 
location287     10.74 
location288     11.14 
location289     9.94 
location290     10.34 
location291     10.74 
location292     11.14 
location293     11.54 
location294     10.34 
location295     10.74 
location296     11.14 
location297     11.54 
location298     11.94 
location299     10.74 
location300     11.14 
location301     11.54 
location302     11.94 
location303     12.34 
location304     11.14 
location305     11.54 
location306     11.94 
location307     12.34 
location308     12.74 
location309     11.54 
location310     11.94 
location311     12.34 
location312     12.74 
location313     13.14 
location314     11.94 
location315     12.34 
location316     12.74 
location317     13.14 
location318     13.54 
location319     12.34 
location320     12.74 
location321     13.14 
location322     13.54 
location323     13.94 
location324     12.74 
location325     13.14 
location326     13.54 
location327     13.94 
location328     14.34 
location329     13.14 
location330     13.54 
location331     13.94 
location490     10.63 
location491     11.03 
location492     11.43 
location493     11.83 
location494     12.23 
location495     9.83 
location496     10.23 
location497     10.63 
location498     11.03 
location499     11.43 
location500     11.83 
location501     9.43 
location502     9.83 
location503     10.23 
location504     10.63 
location505     11.03 
location506     11.43 
location507     9.03 
location508     9.43 
location509     9.83 
location510     10.23 
location511     10.63 
location512     11.03 
location513     8.63 
location514     9.03 
location515     9.43 
location516     9.83 
location517     10.23 
location518     10.63 
location519     9.05 
location520     9.45 
location521     9.85 
location522     10.25 
location523     10.65 
location524     11.05 
location525     9.45 
location526     9.85 
location527     10.25 
location528     10.65 
location529     11.05 
location530     11.45 
location531     9.85 
location532     10.25 
location533     10.65 
location534     11.05 
location535     11.45 
location694     13.52 
location695     13.92 
location696     14.32 
location697     13.12 
location698     13.52 
location699     13.92 
location700     14.32 
location701     14.72 
location702     13.52 
location703     13.92 
location704     14.32 
location705     14.72 
location706     51.12 
location707     13.92 
location708     14.32 
location709     14.72 
location710     15.12 
location711     15.52 
location712     14.32 
location713     14.72 
location714     15.12 
location715     15.52 
location716     15.92 
location717     14.72 
location718     15.12 
location719     15.52 
location720     15.92 
location721     16.32 
location722     15.12 
location723     15.52 
location724     15.92 
location725     16.32 
location726     16.72 
location727     15.52 
location728     15.92 
location729     16.32 
location730     16.72 
location731     17.12 
location732     8.52 
location733     8.63 
location734     8.76 
location735     8.9 
location736     9.06 
location737     8.14 
location738     8.25 
location739     8.38 
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location128   13.51 
location129   11.51 
location130   11.91 
location131   12.31 
location132   12.72 
location133   13.17 
location134   11.17 
location135   11.51 
location136   11.91 
location137   12.31 
location138   12.72 
location139   10.71 
location140   11.11 
location141   11.57 
location142   11.92 
location143   12.31 
location144   10.31 
location145   10.71 
location146   11.11 
location147   11.52 
location148   11.92 
location149   9.91 
location150   10.31 
location151   10.71 
location152   11.17 
location153   11.51 
location154   9.51 
location155   9.91 
location156   10.31 
location157   10.71 
location158   11.11 
location159   9.11 
location160   9.51 
location161   9.91 
location162   10.37 
location163   10.77 
location164   8.71 
location165   9.11 
location166   9.51 
location167   9.91 
location168   10.32 
location169   8.32 
location170   8.72 
location171   9.11 
location172   9.51 
location173   9.91 
location332     11.34 
location333     14.74 
location334     13.54 
location335     13.94 
location336     14.34 
location337     14.74 
location338     15.14 
location339     22.7 
location340     23.1 
location341     23.5 
location342     23.9 
location343     24.3 
location344     24.7 
location345     22.3 
location346     22.7 
location347     23.1 
location348     23.5 
location349     23.9 
location350     24.3 
location351     21.9 
location352     22.3 
location353     22.7 
location354     23.1 
location355     23.5 
location356     23.9 
location357     21.5 
location358     21.9 
location359     22.3 
location360     22.7 
location361     23.1 
location362     23.5 
location363     21.1 
location364     21.5 
location365     21.9 
location366     22.3 
location367     22.7 
location368     23.1 
location369     20.7 
location370     21.1 
location371     21.5 
location372     21.9 
location373     22.3 
location374     22.7 
location375     20.3 
location376     20.7 
location377     21.1 
location536     11.85 
location537     10.25 
location538     10.65 
location539     11.05 
location540     11.45 
location541     11.85 
location542     12.25 
location543     10.65 
location544     11.05 
location545     11.45 
location546     11.85 
location547     12.25 
location548     12.65 
location549     11.05 
location550     11.45 
location551     11.85 
location552     12.25 
location553     12.65 
location554     13.05 
location555     11.45 
location556     11.85 
location557     12.25 
location558     12.65 
location559     13.05 
location560     13.45 
location561     11.85 
location562     12.25 
location563     12.65 
location564     13.05 
location565     13.45 
location566     13.85 
location567     12.25 
location568     12.65 
location569     13.05 
location570     13.45 
location571     13.85 
location572     14.25 
location573     12.65 
location574     13.05 
location575     13.45 
location576     13.85 
location577     14.25 
location578     14.65 
location579     13.05 
location580     13.45 
location581     13.85 
location740     8.53 
location741     8.69 
location742     7.75 
location743     7.87 
location744     8.01 
location745     8.16 
location746     8.34 
location747     8.52 
location748     7.37 
location749     7.49 
location750     7.64 
location751     7.8 
location752     7.98 
location753     8.18 
location754     6.99 
location755     7.12 
location756     7.27 
location757     7.44 
location758     7.63 
location759     7.83 
location760     6.61 
location761     6.75 
location762     6.91 
location763     7.09 
location764     7.28 
location765     7.5 
location766     6.22 
location767     6.37 
location768     6.54 
location769     6.73 
location770     6.93 
location771     7.16 
location772     5.85 
location773     6 
location774     6.18 
location775     6.38 
location776     6.6 
location777     6.84 
location778     5.48 
location779     5.64 
location780     5.83 
location781     6.05 
location782     6.28 
location783     6.52 
location784     5.11 
location785     5.29 
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location174   7.91 
location175   8.31 
location176   8.71 
location177   9.11 
location178   9.57 
location179   7.57 
location180   7.91 
location181   8.31 
location182   8.71 
location183   9.11 
location184   7.11 
location185   7.51 
location186   7.91 
location187   8.31 
location188   8.71 
location189   6.71 
location190   7.11 
location191   7.51 
location192   7.91 
location193   8.31 
location194   6.31 
location195   6.71 
location196   7.11 
location197   7.51 
location198   7.91 
location199   5.91 
location200   6.31 
location201   6.71 
location202   7.11 
location203   7.51 
location204   5.51 
location378     21.5 
location379     21.9 
location380     22.3 
location381     19.9 
location382     20.3 
location383     20.7 
location384     21.1 
location385     21.5 
location386     21.9 
location387     19.5 
location388     19.9 
location389     20.3 
location390     20.7 
location391     21.1 
location392     21.5 
location393     16.63 
location394     17.03 
location395     17.43 
location396     17.83 
location397     18.23 
location398     18.63 
location399     16.23 
location400     16.63 
location401     17.03 
location402     17.43 
location403     17.83 
location404     18.23 
location405     15.83 
location406     16.23 
location407     16.63 
location408     17.03 
location582     14.25 
location583     14.65 
location584     15.05 
location585     13.45 
location586     13.85 
location587     14.25 
location588     14.65 
location589     15.05 
location590     15.45 
location591     13.85 
location592     14.25 
location593     14.65 
location594     15.05 
location595     15.45 
location596     15.85 
location597     14.25 
location598     14.65 
location599     15.05 
location600     15.45 
location601     15.85 
location602     16.25 
location603     14.65 
location604     15.05 
location605     15.45 
location606     15.85 
location607     16.25 
location608     16.65 
location609     15.05 
location610     15.45 
location611     15.85 
location612     16.25 
location786     5.49 
location787     5.72 
location788     5.96 
location789     6.22 
location790     4.75 
location791     4.94 
location792     5.16 
location793     5.4 
location794     5.65 
location795     5.92 
location796     4.4 
location797     4.6 
location798     4.84 
location799     5.09 
location800     5.36 
location801     5.64 
location802     4.04 
location803     4.27 
location804     4.52 
location805     4.79 
location806     5.07 
location807     7.57 
location808     5.17 
location809     5.57 
location810     5.97 
location811     6.37 
location812     6.77 
location813     7.17 
h (i, t) The unit inventory costs of holding item I at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item1 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
Item2 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
... ... ... ... ... ... ... ... ... ... ... ... ... 
... ... ... ... ... ... ... ... ... ... ... ... ... 
... ... ... ... ... ... ... ... ... ... ... ... ... 
Item153 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 2.94 
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c(i,t) The unit production cost of item i at period t  
(These Costs are the same for the entire planning horizon) 
Item1 6.24 Item52 9.50 Item103 14.49 
Item2 5.82 Item53 9.50 Item104 19.73 
Item3 6.28 Item54 10.80 Item105 9.48 
Item4 6.62 Item55 2.50 Item106 16.60 
Item5 6.73 Item56 3.84 Item107 8.85 
Item6 6.13 Item57 9.43 Item108 4.70 
Item7 6.11 Item58 9.94 Item109 7.73 
Item8 7.23 Item59 5.12 Item110 12.43 
Item9 6.02 Item60 2.61 Item111 10.99 
Item10 6.56 Item61 10.81 Item112 7.33 
Item11 7.26 Item62 4.01 Item113 12.39 
Item12 7.31 Item63 9.72 Item114 7.27 
Item13 78.31 Item64 10.09 Item115 11.75 
Item14 391.55 Item65 10.83 Item116 7.30 
Item15 391.55 Item66 9.90 Item117 11.60 
Item16 430.71 Item67 5.12 Item118 6.85 
Item17 19.10 Item68 10.50 Item119 18.30 
Item18 4.57 Item69 3.99 Item120 13.56 
Item19 18.82 Item70 14.01 Item121 10.58 
Item20 11.06 Item71 29.48 Item122 11.02 
Item21 14.94 Item72 192.39 Item123 13.50 
Item22 14.94 Item73 17.34 Item124 22.49 
Item23 20.29 Item74 6.14 Item125 6.95 
Item24 19.32 Item75 22.31 Item126 7.44 
Item25 13.74 Item76 19.44 Item127 11.09 
Item26 11.09 Item77 10.63 Item128 9.87 
Item27 14.30 Item78 16.52 Item129 7.01 
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c(i,t) The unit production cost of item i at period t 
 (These Costs are the same for the entire planning horizon) 
Item28 23.02 Item79 9.02 Item130 11.55 
Item29 20.23 Item80 5.33 Item131 5.90 
Item30 25.64 Item81 9.00 Item132 9.69 
Item31 29.18 Item82 10.61 Item133 19.91 
Item32 12.97 Item83 9.29 Item134 620.60 
Item33 23.02 Item84 7.49 Item135 800.04 
Item34 478.26 Item85 7.62 Item136 647.60 
Item35 620.55 Item86 12.54 Item137 672.78 
Item36 647.60 Item87 19.87 Item138 650.67 
Item37 647.60 Item88 7.62 Item139 26.42 
Item38 11.39 Item89 33.34 Item140 12.38 
Item39 5.90 Item90 10.97 Item141 20.15 
Item40 12.42 Item91 9.78 Item142 21.24 
Item41 8.63 Item92 8.46 Item143 8.33 
Item42 7.31 Item93 14.80 Item144 14.49 
Item43 9.92 Item94 32.37 Item145 8.76 
Item44 6.46 Item95 14.24 Item146 9.48 
Item45 14.36 Item96 14.54 Item147 7.01 
Item46 5.75 Item97 19.03 Item148 5.90 
Item47 10.67 Item98 14.36 Item149 4.70 
Item48 4.37 Item99 19.17 Item150 7.33 
Item49 4.41 Item100 16.62 Item151 10.99 
Item50 4.45 Item101 20.13 Item152 12.43 
Item51 19.07 Item102 8.33 Item153 12.39 
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u(i,t) The set up cost of item i at period t 
 (These Costs are the same for the entire planning horizon) 
Item1 4.50 Item52 4.50 Item103 20 
Item2 4.50 Item53 4.50 Item104 30 
Item3 4.50 Item54 4.50 Item105 15 
Item4 4.50 Item55 15 Item106 15 
Item5 4.50 Item56 4.50 Item107 9 
Item6 4.50 Item57 6 Item108 20 
Item7 4.50 Item58 4.50 Item109 20 
Item8 4.50 Item59 6 Item110 15 
Item9 4.50 Item60 4.50 Item111 15 
Item10 4.50 Item61 4.50 Item112 90 
Item11 4.50 Item62 6 Item113 15 
Item12 4.50 Item63 4.50 Item114 15 
Item13 60 Item64 4.50 Item115 60 
Item14 60 Item65 15 Item116 15 
Item15 60 Item66 30 Item117 15 
Item16 60 Item67 6 Item118 15 
Item17 15 Item68 60 Item119 30 
Item18 15 Item69 4.50 Item120 60 
Item19 15 Item70 6 Item121 90 
Item20 15 Item71 30 Item122 15 
Item21 15 Item72 20 Item123 30 
Item22 15 Item73 15 Item124 30 
Item23 15 Item74 10 Item125 30 
Item24 15 Item75 20 Item126 30 
Item25 15 Item76 45 Item127 15 
Item26 15 Item77 30 Item128 30 
Item27 15 Item78 60 Item129 30 
Item28 15 Item79 45 Item130 30 
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u(i,t) The set up cost of item i at period t 
 (These Costs are the same for the entire planning horizon) 
Item29 15 Item80 30 Item131 10 
Item30 15 Item81 60 Item132 20 
Item31 15 Item82 45 Item133 30 
Item32 15 Item83 30 Item134 30 
Item33 15 Item84 60 Item135 20 
Item34 30 Item85 45 Item136 60 
Item35 30 Item86 15 Item137 90 
Item36 20 Item87 15 Item138 60 
Item37 6 Item88 15 Item139 15 
Item38 6 Item89 15 Item140 15 
Item39 10 Item90 30 Item141 15 
Item40 6 Item91 15 Item142 15 
Item41 60 Item92 15 Item143 15 
Item42 60 Item93 60 Item144 30 
Item43 60 Item94 15 Item145 30 
Item44 60 Item95 60 Item146 30 
Item45 15 Item96 4.50 Item147 30 
Item46 6 Item97 4.50 Item148 30 
Item47 15 Item98 4.50 Item149 45 
Item48 30 Item99 10 Item150 45 
Item49 15 Item100 18 Item151 45 
Item50 15 Item101 15 Item152 60 
Item51 4.50 Item102 15 Item153 60 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item1 5 4 6 3 5 6 5 4 4 4 4 4 
Item2 3 2 4 3 3 4 3 3 3 3 3 3 
Item3 5 4 7 4 6 8 5 5 5 5 5 5 
Item4 6 3 7 4 6 7 5 5 5 5 5 5 
Item5 1 1 1 1 1 1 1 1 1 1 1 1 
Item6 1 1 1 1 1 1 1 1 1 1 1 1 
Item7 1 1 1 1 1 1 1 1 1 1 1 1 
Item8 1 1 2 1 2 2 2 1 1 1 1 1 
Item9 2 1 2 2 2 3 2 2 2 2 2 2 
Item10 1 1 1 1 1 1 1 1 1 1 1 1 
Item11 1 1 1 1 1 1 1 1 1 1 1 1 
Item12 1 1 1 1 1 1 1 1 1 1 1 1 
Item13 0 0 0 0 0 0 0 0 0 0 0 0 
Item14 0 1 0 0 0 0 1 0 1 0 1 0 
Item15 1 0 0 0 0 0 1 1 1 1 1 1 
Item16 1 0 0 0 0 0 1 0 1 0 0 0 
Item17 3 2 1 1 0 0 4 3 2 3 4 3 
Item18 1 1 1 1 1 1 1 1 1 1 1 1 
Item19 0 0 0 0 0 0 0 0 0 0 0 0 
Item20 6 6 2 2 3 3 3 3 3 3 3 3 
Item21 2 1 3 1 1 1 1 1 1 1 1 1 
Item22 20 13 20 18 22 22 22 22 22 15 22 22 
Item23 0 1 0 0 0 0 0 0 0 0 0 0 
Item24 1 1 1 1 0 0 2 3 2 1 2 1 
Item25 2 4 4 7 3 3 1 2 1 1 2 2 
Item26 9 14 9 7 7 6 4 7 10 5 6 5 
Item27 1 0 0 1 0 0 1 0 1 0 0 0 
Item28 3 1 0 5 0 3 0 3 0 0 0 0 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item29 2 1 1 0 1 1 1 1 1 1 1 1 
Item30 0 0 0 0 0 0 0 0 0 0 0 0 
Item31 0 0 0 0 0 0 0 0 0 0 2 1 
Item32 1 1 1 1 1 1 1 1 1 1 1 1 
Item33 5 4 2 5 0 1 0 2 2 0 2 2 
Item34 0 0 6 3 4 4 4 5 5 5 4 4 
Item35 4 4 5 2 5 2 3 6 3 3 4 4 
Item36 5 3 4 2 2 4 0 5 3 0 3 4 
Item37 15 14 8 10 10 10 10 10 10 10 0 0 
Item38 7 8 10 3 6 8 10 9 7 7 6 6 
Item39 10 9 12 7 8 10 11 9 10 9 9 9 
Item40 4 8 2 4 7 4 8 5 5 6 5 4 
Item41 0 0 1 1 1 1 0 1 1 1 1 1 
Item42 0 0 0 0 0 0 0 0 0 0 0 0 
Item43 1 0 0 0 0 0 0 0 0 0 0 0 
Item44 1 1 1 1 1 1 1 2 2 1 1 1 
Item45 3 4 8 3 4 4 4 4 4 4 3 3 
Item46 1 1 1 1 0 1 1 1 1 1 1 1 
Item47 4 12 11 6 5 5 5 5 5 5 5 5 
Item48 1 6 7 2 3 2 3 2 3 2 3 2 
Item49 4 6 19 2 8 8 3 4 6 5 4 9 
Item50 1 1 3 4 1 2 1 1 1 1 1 1 
Item51 10 6 8 10 5 5 0 0 0 0 0 0 
Item52 1 1 1 1 1 1 1 1 0 1 1 1 
Item53 1 3 3 1 1 1 2 1 1 1 1 2 
Item54 1 1 0 0 1 1 1 1 1 1 1 1 
Item55 3 5 5 3 2 3 2 3 3 5 3 3 
Item56 1 1 2 2 1 2 1 1 2 1 9 1 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item57 4 6 19 22 26 2 6 3 17 2 5 9 
Item58 6 9 14 0 2 6 7 12 11 11 7 7 
Item59 5 7 6 7 6 7 5 5 9 5 11 6 
Item60 3 6 6 3 3 2 2 2 3 3 2 2 
Item61 1 3 3 1 1 2 1 1 2 1 9 1 
Item62 0 15 9 1 6 4 3 1 1 4 7 3 
Item63 0 0 3 0 0 0 0 0 0 0 0 0 
Item64 0 0 1 0 0 1 0 0 1 0 0 0 
Item65 3 3 3 0 3 0 3 0 3 3 0 3 
Item66 0 0 0 0 0 0 0 0 0 0 0 0 
Item67 6 9 9 1 3 3 5 9 4 3 4 4 
Item68 3 4 2 2 1 1 1 3 2 1 2 2 
Item69 1 1 1 0 1 1 1 1 1 1 1 1 
Item70 3 3 23 13 12 2 2 2 21 1 2 2 
Item71 1 0 1 1 1 1 1 0 1 1 0 1 
Item72 1 1 0 1 1 0 0 1 1 1 1 1 
Item73 1 1 0 0 0 0 0 1 1 1 1 0 
Item74 1 1 2 1 1 1 1 1 1 1 1 1 
Item75 2 3 7 4 2 2 2 2 2 2 2 2 
Item76 3 5 6 7 5 6 5 6 6 2 4 5 
Item77 1 0 0 0 0 0 1 0 0 0 0 0 
Item78 1 1 1 1 1 1 1 1 1 1 1 1 
Item79 1 1 1 1 1 1 1 1 1 1 1 1 
Item80 1 1 1 1 1 1 1 1 0 1 1 1 
Item81 0 0 1 1 0 0 1 1 1 1 0 1 
Item82 9 10 7 10 9 11 10 12 11 12 9 9 
Item83 1 1 1 1 1 1 1 1 1 1 1 1 
Item84 3 4 1 2 2 2 2 2 2 2 2 2 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item85 0 1 1 1 1 1 1 1 1 1 1 1 
Item86 1 0 0 0 0 0 0 0 0 0 0 0 
Item87 1 0 0 0 0 0 0 0 0 0 0 0 
Item88 5 1 3 2 2 0 2 0 2 0 2 0 
Item89 1 1 5 1 1 1 1 1 1 1 1 1 
Item90 2 0 2 0 0 2 0 2 0 2 0 2 
Item91 0 0 1 0 0 0 0 0 0 0 0 0 
Item92 0 0 0 0 0 1 0 1 0 1 0 1 
Item93 1 1 1 1 1 1 1 1 1 1 1 1 
Item94 0 0 0 0 0 0 0 0 0 0 0 0 
Item95 3 4 10 3 6 4 3 8 2 4 7 3 
Item96 8 7 17 28 7 13 11 7 7 8 6 8 
Item97 3 1 2 2 2 4 3 3 3 4 2 3 
Item98 21 18 23 17 21 24 28 24 26 20 25 25 
Item99 24 24 26 24 18 23 29 25 28 21 28 21 
Item100 38 36 38 32 30 36 42 35 39 29 36 30 
Item101 2 2 3 1 2 1 1 1 2 1 2 1 
Item102 1 1 1 1 1 1 1 1 1 1 1 1 
Item103 3 3 6 2 4 4 3 4 5 3 3 4 
Item104 5 2 5 1 4 3 4 4 5 6 3 5 
Item105 2 2 2 2 2 2 3 3 2 2 2 2 
Item106 1 1 1 3 1 1 1 1 1 1 1 1 
Item107 1 1 1 2 1 2 1 1 1 1 1 1 
Item108 3 6 6 2 4 5 3 3 4 4 7 4 
Item109 6 10 10 3 8 10 4 6 8 6 10 6 
Item110 1 1 2 1 1 1 1 1 2 1 1 1 
Item111 4 5 7 3 5 5 5 6 5 4 4 5 
Item112 1 2 2 1 1 1 1 3 2 3 1 1 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item113 4 4 14 1 4 5 4 5 3 4 4 4 
Item114 2 2 2 2 2 2 2 3 2 2 2 2 
Item115 3 5 2 6 5 4 6 6 6 1 4 4 
Item116 2 3 5 2 2 2 2 2 3 2 2 2 
Item117 3 2 2 2 3 4 3 3 4 3 5 4 
Item118 5 6 6 4 6 5 5 6 5 7 6 6 
Item119 1 1 1 1 1 1 1 1 1 1 1 1 
Item120 2 2 4 1 2 2 2 3 3 2 2 2 
Item121 2 2 5 5 4 4 4 2 3 4 3 2 
Item122 1 1 1 3 1 1 1 1 1 1 1 1 
Item123 1 1 2 1 0 2 1 2 1 2 1 1 
Item124 1 1 1 0 1 1 1 1 1 1 1 1 
Item125 1 1 1 1 1 1 1 1 1 1 1 1 
Item126 3 4 10 6 3 4 2 3 3 3 3 3 
Item127 1 1 2 0 1 1 2 1 2 1 2 1 
Item128 2 2 4 1 2 2 2 3 2 2 2 2 
Item129 1 1 2 1 1 1 1 1 1 1 1 1 
Item130 1 1 1 1 1 2 1 1 1 1 1 1 
Item131 1 1 1 2 1 1 1 1 1 1 1 1 
Item132 1 1 1 1 1 1 1 1 1 1 1 1 
Item133 4 4 5 2 3 4 3 3 4 3 2 3 
Item134 4 2 5 2 2 4 2 4 3 4 4 4 
Item135 0 0 0 1 1 0 1 0 1 0 1 0 
Item136 2 2 0 0 0 0 0 0 0 0 0 0 
Item137 2 1 0 2 3 0 4 0 3 2 4 2 
Item138 0 4 9 5 5 3 0 3 0 3 0 3 
Item139 8 12 9 12 8 9 9 9 11 11 11 11 
Item140 1 3 5 8 5 5 5 5 5 6 6 6 
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d(i,t) The amount of required demand of item i at period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item141 0 0 0 1 0 0 1 1 1 2 2 2 
Item142 0 0 1 1 0 0 2 2 2 3 3 3 
Item143 1 2 4 1 4 4 4 4 4 4 4 4 
Item144 1 1 0 1 1 4 2 1 2 2 3 2 
Item145 1 1 0 0 1 4 2 1 2 2 3 2 
Item146 1 1 0 1 1 4 2 1 2 2 3 2 
Item147 1 0 1 1 2 2 2 2 2 2 2 2 
Item148 1 1 1 1 2 2 2 2 2 2 2 2 
Item149 1 1 1 1 1 1 1 1 1 1 1 1 
Item150 0 1 2 1 2 4 2 0 2 2 4 2 
Item151 5 1 2 1 2 4 2 0 2 2 4 2 
Item152 2 1 2 1 2 4 2 0 2 2 4 2 
Item153 3 1 3 1 2 4 2 0 2 2 4 2 
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Appendix B: Results of Medium and Large Scale Test Instances 
Results  
Model: 50 items, 233 storage locations, 12 periods  
 
Objective Value: $194 681.07 
Variables:432851 
Time(sec): 86400.81 sec 
Iterations: 1196683 
Nodes:4 
Percentage Gap:1.15% 
 
Production x(i,t) : When and how much of each item was  produced 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Item1 5 4 6 3 5 6 5 4 4 4 4 4 
Item2 3 2 4 3 3 4 3 3 3 3 3 3 
Item3 5 4 7 4 6 8 5 5 5 5 5 5 
Item4 6 3 7 4 6 7 5 5 5 5 5 5 
Item5 1 1 1 1 1 1 1 1 1 1 1 1 
Item6 1 1 1 1 1 1 1 1 1 1 1 1 
Item7 1 1 1 1 1 1 1 1 1 1 1 1 
Item8 1 1 2 1 2 2 2 1 1 1 1 1 
Item9 2 1 2 2 2 3 2 2 2 2 2 2 
Item10 1 1 1 1 1 1 1 1 1 1 1 1 
Item11 1 1 1 1 1 1 1 1 1 1 1 1 
Item12 1 1 1 1 1 1 1 1 1 1 1 1 
Item13 - - - - - - - - - - - - 
Item14 - 1 - - - - 1 - 1 - 1 - 
Item15 1 - - - - - 1 1 1 1 1 1 
Item16 1 - - - - - 1 - 1 - - - 
Item17 3 2 1 1 - - 4 3 2 3 4 3 
Item18 1 1 1 1 1 1 1 1 1 1 1 1 
Item19 - - - - - - - - - - - - 
Item20 6 6 2 2 3 3 3 3 3 3 3 3 
Item21 2 2 2 1 2 1 1 1 - 1 2 1 
Item22 20 13 20 18 22 22 22 22 22 15 22 22 
Item23 - 1 - - - - - - - - - - 
Item24 2 1 1 - 2 - - 3 2 1 3 - 
Item25 2 4 4 7 3 3 2 2 - 1 4 - 
Item26 9 14 9 7 7 6 4 7 10 5 6 5 
Item27 1 - - 1 - - 1 - 1 - - - 
Item28 4 - - 5 - 3 - 3 - - - - 
Item29 2 2 - - 1 1 1 1 1 1 1 1 
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Item30 - - - - - - - - - - - - 
Item31 - - - - - - - - - - 2 1 
Item32 1 1 1 1 1 1 1 1 1 1 1 1 
Item33 5 4 2 5 - 1 - 2 2 - 4 - 
Item34 - - 6 3 4 4 4 5 5 5 4 4 
Item35 4 5 4 2 5 2 4 5 4 3 3 4 
Item36 5 3 4 2 3 3 - 5 3 1 2 4 
Item37 15 14 8 10 10 10 10 10 10 10 - - 
Item38 7 8 10 3 6 8 10 9 7 7 6 8 
Item39 10 9 12 7 8 10 11 9 10 9 9 9 
Item40 4 8 2 4 7 4 8 5 5 6 5 4 
Item41 - 1 - 1 1 - 1 1 - 1 1 1 
Item42 - - - - - - - - - - - - 
Item43 1 - - - - - - - - - - - 
Item44 2 - 2 - 2 - 1 2 2 2 1 - 
Item45 3 4 8 3 4 4 4 4 4 4 3 3 
Item46 1 1 1 1 - 1 1 1 1 1 1 1 
Item47 4 12 11 6 5 5 5 5 5 5 5 5 
Item48 2 5 7 5 - 4 3 - 6 - 4 - 
Item49 4 6 19 2 8 8 3 4 6 5 4 9 
Item50 1 1 4 3 1 2 1 1 1 1 1 1 
 
Set Up y (i,t) : When the production area was set up to produce each item 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Nov Dec 
Item1 1 1 1 1 1 1 1 1 1 1 1 1 
Item2 1 1 1 1 1 1 1 1 1 1 1 1 
Item3 1 1 1 1 1 1 1 1 1 1 1 1 
Item4 1 1 1 1 1 1 1 1 1 1 1 1 
Item5 1 1 1 1 1 1 1 1 1 1 1 1 
Item6 1 1 1 1 1 1 1 1 1 1 1 1 
Item7 1 1 1 1 1 1 1 1 1 1 1 1 
Item8 1 1 1 1 1 1 1 1 1 1 1 1 
Item9 1 1 1 1 1 1 1 1 1 1 1 1 
Item10 1 1 1 1 1 1 1 1 1 1 1 1 
Item11 1 1 1 1 1 1 1 1 1 1 1 1 
Item12 1 1 1 1 1 1 1 1 1 1 1 1 
Item13 - - - - - - - - - - - - 
Item14 - 1 - - - - 1 - 1 - 1 - 
Item15 1 - - - - - 1 1 1 1 1 1 
Item16 1 - - - - - 1 - 1 - - - 
Item17 1 1 1 1 - - 1 1 1 1 1 1 
Item18 1 1 1 1 1 1 1 1 1 1 1 1 
Item19 - - - - - - - - - - - - 
Item20 1 1 1 1 1 1 1 1 1 1 1 1 
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Item21 1 1 1 1 1 1 1 1 - 1 1 1 
Item22 1 1 1 1 1 1 1 1 1 1 1 1 
Item23 - 1 - - - - - - - - - - 
Item24 1 1 1 - 1 - - 1 1 1 1 - 
Item25 1 1 1 1 1 1 1 1 - 1 1 - 
Item26 1 1 1 1 1 1 1 1 1 1 1 1 
Item27 1 - - 1 - - 1 - 1 - - - 
Item28 1 - - 1 - 1 - 1 - - - - 
Item29 1 1 - - 1 1 1 1 1 1 1 1 
Item30 - - - - - - - - - - - - 
Item31 - - - - - - - - - - 1 1 
Item32 1 1 1 1 1 1 1 1 1 1 1 1 
Item33 1 1 1 1 - 1 - 1 1 - 1 - 
Item34 - - 1 1 1 1 1 1 1 1 1 1 
Item35 1 1 1 1 1 1 1 1 1 1 1 1 
Item36 1 1 1 1 1 1 - 1 1 1 1 1 
Item37 1 1 1 1 1 1 1 1 1 1 - - 
Item38 1 1 1 1 1 1 1 1 1 1 1 1 
Item39 1 1 1 1 1 1 1 1 1 1 1 1 
Item40 1 1 1 1 1 1 1 1 1 1 1 1 
Item41 - 1 - 1 1 - 1 1 - 1 1 1 
Item42 - - - - - - - - - - - - 
Item43 1 - - - - - - - - - - - 
Item44 1 - 1 - 1 - 1 1 1 1 1 - 
Item45 1 1 1 1 1 1 1 1 1 1 1 1 
Item46 1 1 1 1 - 1 1 1 1 1 1 1 
Item47 1 1 1 1 1 1 1 1 1 1 1 1 
Item48 1 1 1 1 - 1 1 - 1 - 1 - 
Item49 1 1 1 1 1 1 1 1 1 1 1 1 
Item50 1 1 1 1 1 1 1 1 1 1 1 1 
 
 
 
Reserved Locations z(i,l): Identifies which locations have been reserved for each product 
 Locations  Locations 
Item1 31,59,69,83,157,180 Item26 
15,22,43,49,61,119,124,132,168,172,
185,210,226,233 
Item2 8,12,75,166 Item27 135 
 Locations  Locations 
Item3 4,14,33,93,101,136,201,203 Item28 120,125,160,163,167 
Item4 5,11,23,62,113,161,190 Item29 108,224 
Item5 39 Item30  
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Item6 50 Item31 126,230 
Item7 154 Item32 74 
Item8 72,178 Item33 42,82,179,187,227 
Item9 29,84,213 Item34 58,88,105,118,143,214 
Item10 51 Item35 13,27,98,146,148,189 
Item11 55 Item36 70,85,106,155,156 
Item12 30 Item37 
78,79,80,91,92,97,100,103,109,110, 
123,177,196,202,212 
Item13  Item38 
17,26,96,102,115,116,159,197,211, 
219 
Item14 140 Item39 
24,32,37,48,56,63,65,89,99,215,216, 
223 
Item15 34 Item40 41,57,60,112,144,191,205,206 
Item16 145 Item41 175 
Item17 86,164,209,225 Item42  
Item18 87 Item43 147 
Item19  Item44 46,141 
Item20 73,77,104,122,151,229 Item45 21,45,53,133,138,149,153,228 
Item21 68,217,220 Item46 90 
Item22 
1,3,6,7,9,10,16,18,20,25,36,38,
40,47,52,54,64,81,107,129,139
,204 
Item47 
35,60,71,95,117,131,137,170,182,193
,207,221 
Item23 232 Item48 44,111,176,184,186,194,200 
Item24 128,150,174 
Item49 2,28,67,114,130,152,158,162,171,173
,183,188,192,195,198,199,208,218, 
222 
Item25 76,94,121,127,134,142,169 Item50 19,165,181,231 
 
Inventoried storage location n(i,l,t): The storage locations used for inventoried items 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 
Item21.L68 - - - - - - - - - - 1 
Item21.L217 - - - - - - - - - 1 - 
Item21.L220 - 1 - - 1 1 1 - - - - 
Item24.L128 - - - - - - - - - - 1 
Item24.L150 1 1 - - 1 1 - - - - - 
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Item24.L174 - - 1 - 1 1 - - - - - 
Item25.L76 - - - - - - - 1 - - - 
Item25.L94 - - - - - - - - - - 1 
Item25.L134 - - - - - - 1 - - - 1 
Item28.L125 1 - - - - - - - - - - 
Item29.L224 - 1 - - - - - - - - - 
Item33.L179 - - - - - - - - - - 1 
Item33.L187 - - - - - - - - - - 1 
Item35.L146 - 1 - - - - - - - - - 
Item35.L148 - - - - - - 1 - - - - 
Item35.L189 - - - - - - - - 1 1 - 
Item36.L106 - - - - 1 - - - - 1 - 
Item41.L175 - 1 - - - - 1 - - - - 
Item44.L141 1 - 1 - 1 - - - - 1 1 
Item48.L111 - - - - - - - - - - 1 
Item48.L176 - - - 1 - - - - - - - 
Item48.L184 1 - - 1 - 1 1 - 1 - - 
Item48.L194 - - - 1 - 1 1 - 1 - - 
Item48.L200 - - - - - - - - 1 1 1 
Item50.L231 - - 1 - - - - - - - - 
 
 
End of period Inventory s(i,t): The number of items left in inventory at the end of period t 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 
Item21 - 1 - - 1 1 1 - - 1 1 
Item24 1 1 1 - 2 2 - - - - 1 
Item25 - - - - - - 1 1 - - 2 
Item28 1 - - - - - - - - - - 
Item29 - 1 - - - - - - - - - 
Item33 - - - - - - - - - - 2 
Item35 - 1 - - - - 1 - 1 1 - 
Item36 - - - - 1 - - - - 1 - 
Item41 - 1 - - - - 1 - - - - 
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Item44 1 - 1 - 1 - - - - 1 1 
Item48 1 - - 3 - 2 2 - 3 1 2 
Item50 - - 1 - - - - - - - - 
 
 
Model:  153 items, 813 storage locations, 12 periods  
 
Objective Value: $459 991.84 
 
Reserved Storage Locations z(i,l) 
 Locations  Locations  Locations 
Item1 5,8,12,13,21,23 Item52 243 Item103 
589,596,599,604, 
607,609 
Item2 3,4,6,22 Item53 240,278,315 Item104 
593,594,598,602, 
603,610 
Item3 
11,14,15,17,18,24, 
27,28 
Item54 260 Item105 
591,597,608 
 
Item4 7,9,10,16,25,29,30 Item55 
239,244,259,296,
309 
Item106 
600,601,606 
 
Item5 2 Item56 
250,272,321,322,
326,330,332,338,
340 
Item107 624,630 
Item6 19 Item57 
235,249,251,253,
258,261,268,277,
280,282,283,286,
287,288,289,290,
295,304,305,308,
314,319,323,328,
337,344 
Item108 
613,619,626,634,6
36,639,655 
Item7 1 Item58 
246,247,252,255,
256,257,264,273,
279,281,291,306,
325,347 
Item109 
612,615,618,622, 
627,629,635,641, 
651,652 
Item8 20,26 Item59 
237,238,242,245,
254,265,284,304,
311,329,341 
Item110 631,640 
Item9 32,34,37 Item60 
236,241,262,298,
320,345 
Item111 
611,616,621,633, 
637,642,645 
Item10 31 Item61 
234,276,293,313,
316,317,318,327,
Item112 620,625,646 
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334 
Item11 36 Item62 
248,266,269,275,
285,292,299,302,
312,331,333,335,
339,343,346 
Item113 
614,617,623,628, 
632,638,643,644, 
647,649,650,653, 
654 
Item12 35 Item63 324,336,342 Item114 662,667,684 
Item13  Item64 297 Item115 
659,664,665,670, 
682,683 
Item14 33 Item65 363,369,370 Item116 
666,671,674,675, 
678 
Item15 38 Item66  Item117 
660,669,677.679. 
680 
Item16 39 Item67 
360,366,367,371,
376,377,380,381,
388 
Item118 
656,658,661,663, 
668,672,673,676, 
681 
Item17 56,62,78,79 Item68 364,374,378,384 Item119 657 
Item18 
71 
 
Item69 375 Item120 690.698.699.702 
Item19  Item70 
348,349,350,351,
352,353,354,355,
356,357,358,359,
361,362,365,368,
372,373,379,382,
385,386,387 
Item121 
685,686,689,694, 
708 
Item20 45,46,51,68,74,75 Item71 383 Item122 691,700,707 
Item21 52,58,64 Item72 397,402 Item123 695,697 
Item22 
41,42,43,44,47,48, 
50,53,54,55,57,59, 
60,61,63,65,66,67 
72,73,77 
Item73 408 Item124 688 
Item23 76 Item74 401,403 Item125 687 
Item24 40,69,70 Item75 
391,392,398,399,
404,405,409 
Item126 
692,693,696,701, 
703,704,705,706, 
709,710 
Item25 
84,88,99,102,103, 
106,108 
Item76 
390,394,395,396,
400,406,407 
Item127 713,724 
Item26 
80,81,82,83,87,89, 
94,96,98,100,101, 
107,111,115 
Item77 389 Item128 712,717,721,725 
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Item27 86 Item78 393 Item129 720,726 
Item28 
92,105,109,113,11
4 
Item79 430 Item130 711,719 
Item29 85,116 Item80 425 Item131 727,728 
Item30  Item81 415 Item132 
716,723 
 
Item31 93,104 Item82 
410,411,412,417,
418,419,422,423,
424,426,429,431 
Item133 
714,715,718,722, 
729 
Item32 95 Item83 413 Item134 
731,732,735,736, 
737 
Item33 90,91,97,110,112 Item84 420,421,427 Item135 733 
Item34 
129,130,132,133, 
135,136,137.139, 
144,145 
Item85 414 Item136 730,734 
Item35 
131,134,138,140, 
141,142,143,146, 
147 
Item86 428 Item137 
742,743,746,748 
Item36 
131,132,137,138, 
146 
Item87 446 Item138 
738,739,740,741, 
744,745,747,749, 
750 
Item37 
129,130,133,134, 
135,136,139,140, 
141,142,143,144, 
145,147,148 
Item88 
432,433,435,442,
445 
Item139 
754,755,757,760, 
761,766,770,771, 
772,774,778,784 
Item38 
153,162,167,169, 
170,171,174,176, 
177,180 
Item89 
434,437,438,440,
443,436 
Item140 
753,765,773,776,7
79,782,785,787 
Item39 
149,150,154,155, 
156,159,164,168, 
175,178,179,182 
Item90 436,441 Item141 775,781 
Item40 
152,157,158,160, 
165,166,173,181 
Item91 439 Item142 762,783 
Item41 151 Item92 444 Item143 756,759,767,777 
Item42 
 Item93 447 Item144 
758,763,780,786, 
751 
Item43 
163 Item94  Item145 
764,768,769 
 
Item44 161,172 Item95 530,541,544,545, Item146 788,795,798,801 
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546,551,553,555,
556,569 
 
Item45 
185,186,204,205, 
214,217,228,233 
Item96 
448,454,463,468,
473,493,512,539,
542,552,554,563,
564,565,566,571,
573,576,577,578,
579,581,584,585,
586,587,588, 
Item147 794,805 
Item46 220 Item97 488,508,550,570 Item148 791,799 
Item47 
189,197,199,207, 
209,212,215,219, 
222,225,229,232 
Item98 
450,452,456,470,
475,479,482,485,
487,489,490,495,
497,501,504,505,
509,516,522,535,
536,538,547,549,
559,572,583 
Item149 790 
Item48 
191,200,201,211, 
218,221,226 
Item99 
455,457,462,465,
474,476,481,484,
486,493,494,496,
500,502,506,511,
514,519,523,525,
533,543,548,557,
560,561,568 
Item150 797,803,808,811 
Item49 
184,186,188,190, 
192,193,194,198, 
203,206,208,210, 
213,216,223,224, 
227,230,231 
Item100 
449,451,453,458,
460,461,464,466,
469,471,472,477,
478,480,483,491,
499,503,510,513,
515,517,518,520,
521,524,526,527,
528,529,531,532,
534,537,540,562,
567,574,575,580,
582 
Item151 
789,793,802,809, 
813 
Item50 183,195,196,202 Item101 590,595,605 Item152 792,804,807,810 
Item51 
263,267,270,271,2
74,294,300,301,30
7,310 
Item102 592 Item153 796,800,806,812 
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Inventoried Storage Locations n(i,l,t) 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 
Item8.L20 - - - - - - - - - - 1 
Item8.L26 1 - - - - - - 1 - - - 
Item17.L78 - 1 1 - - - - - - - - 
Item17.L79 - 1 - - - - - - - - - 
Item20.L45 - - - - - - - - 1 - - 
Item20.L46 - - - - 1 - - - - - 1 
Item20.L51 - - 1 - 1 - - - 1 - - 
Item20.L68 - - 1 - 1 - 1 - - - 1 
Item20.L74 - - - - - - 1 - - - 1 
Item20.L75 - - - - - - 1 - 1 - - 
Item21.L52 1 - - 1 - - 1 1 - 1 1 
Item21.L58 - - - 1 1 - 1 - - - - 
Item21.L64 - - - - - - - - - 1 - 
Item24.L69 1 - 1 - - - - - 1 - 1 
Item25.L84 - - - - - - - - - - 1 
Item25.L102 - - - - - - - - - - 1 
Item25.L103 - - - - - - - 1 - - - 
Item25.L108 - - - - - 1 - 1 1 - - 
Item28.L114 1 - - - - - - - - - - 
Item29.L116 - 1 - - 1 - 1 - 1 - 1 
Item33.L90 - - - - - - - - - - 1 
Item33.L91 - - - - - - - - - - 1 
Item33.L97 - - - - - - - 1 - - - 
Item33.L112 - - - - - - - 1 - - - 
Item34.L129 - - - - 1 - - - - - 1 
Item34.L130 - - - - - - 1 - - - - 
Item34.L132 - - 1 - - - 1 - 1 - 1 
Item34.L133 - - - - 1 - - - - - 1 
Item34.L135 - - 1 - - - 1 - - - - 
Item34.L136 - - - - 1 - - - 1 - - 
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Item34.L137 - - - - 1 - - - 1 - - 
Item34.L139 - - - - - - 1 - - - 1 
Item34.L144 - - 1 - - - 1 - 1 - - 
Item34.L146 - - - - - - - - 1 - - 
Item35.L131 1 - 1 - - - 1 - - - - 
Item35.L134 - - - - - - - - - - 1 
Item35.L138 1 - - - - - 1 - - - 1 
Item35.L140 - - 1 - 1 - 1 - - - - 
Item35.L141 - - - - - - 1 - - - 1 
Item35.L142 - - - - - - - - 1 - - 
Item35.L143 1 - - - 1 - - - 1 - - 
Item35.L146 1 - - - - - 1 - - - - 
Item35.L147 - - - - - - 1 - 1 - 1 
Item36.L132 - - - 1 - - - - - - - 
Item36.L137 - - - 1 - - - - - - - 
Item44.L161 - - - - - 1 - - - - 1 
Item44.L172 1 - - 1 - - - - - - - 
Item45.L187 - - - - - - - - - - 1 
Item45.L205 - - - - - - - - - - 1 
Item45.L217 - - - - - - - - - - 1 
Item48.L191 - - - - 1 - - - 1 - 1 
Item48.L200 - - - - 1 - - - - - - 
Item48.L211 - - - - - - 1 - - - - 
Item48.L221 - - - - - - 1 - 1 - 1 
Item50.L195 1 - - - - - - - - - 1 
Item50.L196 - - - - - - 1 - 1 - - 
Item62.L248 - - - - - - - 1 - - - 
Item68.L364 - - - - 1 1 - - 1 - 1 
Item68.L374 - - 1 - - - - - - - 1 
Item68.L384 - - 1 - 1 - - - - - - 
Item72.L397 1 - - 1 - - - 1 - - 1 
Item74.L401 - - - 1 - 1 - 1 - - - 
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Item74.L403 1 - - - - - - - - 1 - 
Item76.L394 - - - - - - - - - 1 - 
Item76.L395 - - - - - - - - - 1 - 
Item76.L406 - - - - - - - - - 1 - 
Item76.L407 - - - - - - - - - 1 - 
Item84.L416 - - - - - - - - 1 - 1 
Item84.L420 - - 1 - 1 - - - - - - 
Item84.L421 - - - - - - 1 - - - 1 
Item84.L427 - - 1 - 1 - 1 - 1 - - 
Item88.L432 - 1 - 1 - - - - - - - 
Item88.L433 - - - 1 - - - - - - - 
Item88.L435 - 1 - - - - - - - - - 
Item88.L445 - 1 - - - - - - - - - 
Item89.L437 1 - - - - - 1 - - 1 1 
Item89.L438 - - - 1 1 - 1 1 - - - 
Item89.L443 - - - 1 - - - - - 1 - 
Item95.L530 - - - - - 1 - 1 - - 1 
Item95.L541 1 - - - - - - - - - 1 
Item95.L544 - - - 1 - - - - - - - 
Item95.L545 - - - 1 - 1 - 1 - - 1 
Item95.L546 1 - - 1 - 1 - - - - - 
Item95.L551 1 - - 1 - - - - - - - 
Item95.L555 1 - - 1 - - - - - - - 
Item95.L556 - - - 1 - - - - - - - 
Item101.L590 - - - - - 1 - - - - 1 
Item101.L595 - - - 1 - - - - - - - 
Item101.L605 - - - 1 - 1 1 - 1 - - 
Item103.L589 - - - 1 - - - - - 1 - 
Item103.L596 1 - - - - - - - - - - 
Item103.L599 1 - - 1 - - - - - - - 
Item103.L604 - - - 1 - - - - - - - 
Item103.L607 - - - - - - - - - 1 - 
169 
 
Item103.L609 1 - - 1 - - - - - 1 - 
Item104.L610 - - 1 - - - - - - - - 
Item106.L600 1 - - - 1 1 - - - - - 
Item106.L601 1 1 - - - - - 1 - 1 - 
Item106.L606 - - - - 1 - - - - 1 1 
Item107.L624 - - - - - - 1 - 1 - 1 
Item107.L630 1 - - - - - - - - - - 
Item108.L613 - - - 1 - - - - - - - 
Item108.L626 - - - 1 - - - - - - - 
Item108.L634 - - - - - - 1 - - - - 
Item108.L636 - - - 1 - - 1 - - - - 
Item108.L639 - - - 1 - - 1 - - - - 
Item110.L631 - - - - - 1 - - - - - 
Item110.L640 1 - - 1 - - - - - - 1 
Item112.L620 1 - 1 - - - - - - - 1 
Item112.L625 1 - - - 1 - - - - - - 
Item112.L646 - - - - 1 1 - - - - - 
Item115.L659 - - - - - - - - - 1 - 
Item115.L664 - - - - - - - - - 1 - 
Item115.L665 - - - - - - - - - 1 - 
Item115.L682 - - - - - - - - - 1 - 
Item116.L666 - - - - 1 - 1 - 1 - 1 
Item116.L674 1 - - - - - 1 - - - - 
Item116.L675 1 - - - - - - - 1 - - 
Item116.L678 1 - - - 1 - - - - - 1 
Item117.L660 - - 1 - - - - - - - - 
Item117.L669 - - 1 - - - - - - - - 
Item117.L679 1 - - - - - - - - - - 
Item117.L680 1 - - - - - - - - - - 
Item120.L690 1 - - 1 - 1 - - - 1 - 
Item120.L698 - - - - - 1 - - - - - 
Item120.L699 1 - - - - - - - - - - 
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Item120.L702 - - - 1 - - - - - 1 - 
Item121.L685 1 - - - - - - 1 - - - 
Item121.L686 1 - - - - - - - - - 1 
Item121.L694 - - - - - - - 1 - - - 
Item121.L708 - - - - - - - 1 - - 1 
Item122.L691 1 - - - 1 - 1 1 - 1 - 
Item122.L700 1 1 - - - - 1 - - - - 
Item122.L707 - - - - - - - - - 1 1 
Item123.L695 1 - - - - - - - - - - 
Item123.L697 - - - - - - - - - - 1 
Item128.L717 - - - 1 - - - - - - - 
Item128.L721 - - - 1 - - - - - - - 
Item130.L711 1 - - - - - - - 1 - 1 
Item130.L719 - - - 1 - - 1 - - - - 
Item131.L727 - - - - - - 1 - 1 - - 
Item131.L728 - - - - 1 - - - - - 1 
Item132.L716 - - - - - - - - - - 1 
Item132.L723 - - 1 - 1 - 1 - 1 - - 
Item133.L714 - - - 1 - - - - - 1 - 
Item133.L715 - - - 1 - - - - - 1 - 
Item133.L722 - - - 1 - - - - - - - 
Item134.L736 - - - 1 - - - - - - - 
Item134.L737 - - - 1 - - - - - - - 
Item137.L748 1 - - - - - - - - - - 
Item138.L739 - - - - - - - 1 - - - 
Item138.L740 - - - - - - - - 1 - - 
Item138.L741 - - - - - - - 1 - - - 
Item138.L742 - - - - - - - - 1 - - 
Item138.L743 - - - - - - - - - 1 1 
Item138.L744 - - - - - - - 1 1 1 1 
Item138.L745 - - - - 1 - - 1 1 - - 
Item138.L747 - - - - 1 - - 1 1 - - 
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Item138.L750 - - - - 1 - - 1 1 1 1 
Item140.L753 1 - - - - - - - - - - 
Item140.L779 1 - - - - - - - - - - 
Item140.L785 1 - - - - - - - - - - 
Item141.L781 - - - 1 1 1 - 1 - - - 
Item142.L762 - - 1 - - - - - - - - 
Item143.L759 1 - - - - - - - - - - 
Item143.L777 1 - - - - - - - - - - 
Item144.L758 1 1 1 - - - - - - - - 
Item144.L763 1 - - - - - 1 - 1 - - 
Item144.L786 1 1 1 1 - - - - 1 - - 
Item145.L751 1 1 1 1 - - 1 - 1 - - 
Item145.L768 1 - - - - - - - 1 - - 
Item146.L795 1 - - 1 - - - - - - - 
Item146.L798 - - - - - - 1 - - - - 
Item147.L794 - - 1 - - - - - - - - 
Item148.L791 - - 1 - - - - - - - - 
Item148.L799 1 - - - - - - - - - - 
Item151.L802 - - 1 - - - - - - - - 
 
End of period Inventory s(i,t) 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 
Item8 1 - - - - - - 1 - - 1 
Item17 - 2 1 - - - - - - - - 
Item20 - - 2 - 3 - 3 - 3 - 3 
Item21 1 - - 2 1 - 2 1 - 2 1 
Item24 1 - 1 - - - - - 1 - 1 
Item25 - - - - - 1 - 2 1 - 2 
Item28 1 - - - - - - - - - - 
Item29 - 1 - - 1 - 1 - 1 - 1 
Item33 - - - - - - - 2 - - 2 
Item34 - - 3 - 4 - 5 - 5 - 4 
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Item35 4 - 2 - 2 - 6 - 3 - 4 
Item36 - - - 2 - - - - - - - 
Item44 1 - - 1 - 1 - - - - 1 
Item45 - - - - - - - - - - 3 
Item48 - - - - 2 - 2 - 2 - 2 
Item50 1 - - - - - 1 - 1 - 1 
Item62 - - - - - - - 1 - - - 
Item68 - - 2 - 2 1 - - 1 - 2 
Item72 1 - - 1 - - - 1 - - 1 
Item74 1 - - 1 - 1 - 1 - 1 - 
Item76 - - - - - - -  - 4 - 
Item84 - - 2 - 2 - 2 - 2 - 2 
Item88 - 3 - 2 - - - - - - - 
Item89 1 - - 2 1 - 2 1 - 2 1 
Item95 4 - - 6 - 3 - 2 - - 3 
Item101 - - - 2 - 2 1 - 1 - 1 
Item103 3 - - 4 - - - - - 3 - 
Item104 - - 1 - - - - - - - - 
Item106 2 1 - - 2 1 - 1 - 2 1 
Item107 1 - - - - - 1 - 1 - 1 
Item108 - - - 4 - - 3 - - - - 
Item110 1 - - 1 - 1 - - - - 1 
Item112 2 - 1 - 2 1 - - - - 1 
Item115 - - - - - - - - - 4 - 
Item116 3 - - - 2 - 2 - 2 - 2 
Item117 2 - 2 - - - - - - - - 
Item120 2 - - 2 - 2 - - - 2 - 
Item121 2 - - - - - - 3 - - 2 
Item122 2 1 - - 1 - 2 1 - 2 1 
Item123 1 - - - - - - - - - 1 
Item128 - - - 2 - - - - - - - 
Item130 1 - - 1 - - 1 - 1 - 1 
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Item131 - -  - 1 - 1 - 1 - 1 
Item132 - - 1 - 1 - 1 - 1 - 1 
Item133 - - - 3 - - - - - 2 - 
Item134 - - - 2 - - - - - - - 
Item137 1 - - - - - - - - - - 
Item138 - - - - 3 - - 6 6 3 3 
Item140 3 - - - - - - - - - - 
Item141 - - - 1 1 1 - 1 - - - 
Item142 - - 1 - - - - - - - - 
Item143 2 - - - - - - - - - - 
Item144 3 2 2 1 - - 1 - 2 - - 
Item145 2 1 1 1 - - 1 - 2 - - 
Item146 1 - - 1 - - 1 - - - - 
Item147 - - 1 - - - - - - - - 
Item148 1 - 1 - - - - - - - - 
Item151 - - 1 - - - - - - - - 
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